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Method and apparatus for recording a Hologram from a xaaak 
pattern I>y the use of total internal reflection holograpIiY 

The present invention .relates to a total internal reflection 
holographic apparatus and a method of forming a hologram and 
reconstructing an image therefrom. 

The principles of total internal reflection (TIR) holography 
have been described already in US 4^857,425. Since then many 
efforts have been made to make use of TIR holography in rhe 
microelectronics industries* Prior art references are e.g. US 
4^917/497, US 4,966,428, 5,187,372, US 5,640,257 and European 
application no. 98300188 whose contents are herewith 
incorporated by reference. 

Froschet al. (US 3, 796, 4 6) recorded TIR holograms of mask 
pattern using photographic emulsion, i.e. grains of silver 
halide dispersed in a gelatin film, as the holographic 
recording material. Such a material records information by 
modulating- the bulk properties of the material* (either 
•absorption or refractive index and is referred to hereinafter 
as a "volume recording material". 

Mormally in TIR holography the three- recording beams (object 
beam, incident reference beam and totally internally 
reflected beam) give rise to three holograms in the recording 
material. Frosch et al. used object and reference beams whose 
planes of polarisation vrere orientated such that only one 
hologram is formed (either that formed by interference of the 
object beam with the • incident reference beam or that formed 
by. the interference of the object beam with the reflected 
. reference beam) for the purpose of avoiding' the (perceived) 
problem of loss of resolution due to shrinkage of the 
emulsion between recording and replay. According to Frosch et 
al., when both of the aforementioned holograms are present. 
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shrinkage of the emulsion causes the images generated fc>y the 
two holograms^ of Frosch et al, to shift relative to each 



other, and this degrades the resolution. 

However, the present inventors have found thar the contention 
of Frosch et al., namely that shrinkage causes a relative 
shift of the two images reconstructed from the two holograms, 
is not true. In fact^ shrinkage of the emulsion does not * 
cause either of the images to shift and thus there is no 
relative shift of the two. Since 1974, when US 3,796,476 was 
published, no subsequent prior art on TIR holography directed 
at high resolution lithography has employed the polarisation 
scheme proposed by Frosch et al. 

It is to be noted that Frosch et al. is directed at recording 
the hologram in a thick photosensitive emulsion having a 
layer thickness much greater than the length of rhe light 
used. Although Frosch et al. proposed to u-se TIR holography 
instead of then other known photolithographic methods, the 
disclosure of Frosch did not attract much attention and^- as 
far as the present inventors knows, Frosch 's method has never 
been employed industrially. The reason for this is as 
explained above: for volume holography, it did not offer any 
useful purpose. 

The overwhelming part of the literature relating to the 
. application of TIR holography to microlithography therefore 
concerns volume holography. In particular, the holograms are 
recorded in photopolymer materials manufactured by DuPont 
Nemours. With this material the pattern in the mask is 
recorded as a modulation of the refractive index in a layer 
of » 10 Jim thickness. In contrast thereto, surface-relief 
holography records the mask pattern information as a 
modulation of layer thickness. 



1]Dc<p=Dig© 



J 



H-599-7034 " 3 - 11.06. 99 

In 1988 Ross et al. reported about recording TIR holograms of 
mask patterns using a wavelength of 458 nm, s-polarisation 
(i.e. electric Held yfecl:or perpendiculor to tho plane of 
incidence of the reference beani at the recording layer) for 
the object and reference beams and photoresist as the 
holographic recording material. They used an argor.-ion laser 
operating at 4S8 nm as the light source. They were able, to 
obtain hologram efficiencies of only - 5 % which they partly 
attributed to the problem of obtaining deep surface-relief 
structures in the photoresist because of the intensity 
distribution of the 3 Interfering beams in the photoresist 
(object beam, incident reference beam and reflected reference 
beam) and the development process which preferentially etches 
the high intensity regions. 

An approach for achieving higher resolution from TIR 
holographic lithography is to reduce the wavelength of the 
light source for recording and replay from the commonly used 
value of 364 nm for instance, a value of- 248 nm. 
unfortunately, however no volume holographic recording 
material is available for such a wavelength. 

It is an object of. the present invention to provide an 
improved method and an improved total internal reflection 
(TIR) hologram apparatus for forming a hologram and 
reconstructing an image therefrom. In particular, it is an 
object to provide better resolution so that still siaaller 
features can be recorded" in a hologram and subsequently be 
reproduced therefrom. A further .object is to 

According to the invention there is provided a method 
according to the pre-characterizing part of fclaim 1 wherein- a 
photoresist is employed as the holographic recording medium 
and the planes of polarisation are arranged of the object and 
reference beams incident on the holographic recording medium 
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such that their polarisation vectors are substantially 
rautually orthogonal in the holographic recording medium and 
such tha t the polarisation vectors of th e incident and 
totally internally reflected reference beams are 
substantially orthogonal. 

Advantageously^ the plane of polarisation of the object beam 
is .at 45"^ to the plane of incidence of the reference beam at 
the holographic recording layer. According to a preferred • 
embodiment the object beam illuminates the mask at an off- 
axis angle i.e, not normal to the mask. Preferably only the 
transmission hologram is recorded in the holographic 
recording layer. Surprisingly^ the best results can be 
obtained when only the transmission is recorded. 

Advantageously, the photoresist material is selected such 
.that its thickness (d) and absorption (a) meet the condition 
a * d < 1. The photoresist can.be selected such thar its 
contrast described by its gamma^value satisfies the condition 
Y < 3. Advantageously, photoresist is selected such that its 
resolution described by the smallest period of grating that 
can be optically recorded in the material is with a 
modulation depth (d^^x - oirom) / (<^R3e - <^min)> 25% sati3fie3 the 
condition A< 200 nm. 

It is preferred that the laser* light used has a wavelength of 
below 300nmf and preferably a wave'length between 150 and 260 
nm- It has been found by the inventor that the polarisation 
angles are selected according to the refractive index of the 
photoresist. 



Advantageously/ a combination of polarisation angles of 
between 37 to 44^;. preferably 39*^ for the reference beam and - 
-43 to .-47^r preferably -4 5** for the object beam with respect 
to the plane of incidence is applied. Further , it is 
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advantageous that the intensity of the reference beam exceeds 
that of the object beam^ preferably by_a factor 2 ^ and 
-pr eferably is 4 : — 1, IL hab further b e en found Uidt the best — 
results can be obtained i£ the thickness of the photoresist 
layer is less than 500 nm, preferably between 100 and 300 nni 
and most preferably between 200 and 300 nm. 

For a better long-term stab.ility of the hologram it is 
further- advisable when 'the image recorded in the photoresist 
as surface relief hologram is transferred into the substrate 
material by an etching process, e.g- plasma etching* 

Although the hologram can be formed in a single exposure, 
preferably beams of a restricted cross-section are used and 
the hologram formed by a scan-and-step operation ♦ The 
inventive process is particularly useful for transferring 
features of less than. 1 pm, preferably less than 0.5 jmi, from 
a mask into a hologram for use in microlithography* 

The present invention relates also -to a Total internal 
reflection holographic recording apparatus for recording a 
hologram from a mask, comprising- 

an. optical coupling element for j-eceiving a substrate on 
a first face; 

a substrate bearing a holographic recording medium, the 
substrate being in optical contact with said first face of • 
the optical coupling element, 

at least one light source for generating a light beam; 
- optical means for generating a collimated light beam .of 
a selected cross-section; 

means, e.g. a beam-splitter, prism or the like, for 
generating two coherent light beams, a reference light beam 
and an object light beam; 

means for directing the reference light beam at a second 
face of the coupling element such that it illuminates the 
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interface betveen the first face and the ambient juedium or 

mb^tjrajt^g_Jjx optical contact with 



said first race ana the ambient, medium at an angle greater 

than the critical angle; 

means for directing the object light beam at the first 
face of the coupling element such that it is aligned with 
the reference beam in the plane of the holographic recording 
medium on the substrate in contact with the first face; 
charac-keFized xzi that; 

the holographic recording medium is a photoresist; and 
means are provided for arranging the planes of 
polarisation of the object and reference beams incident on 
the holographic recording medium such that their polarisation 
vectors are substantially mutually orthogonal in the • 
holographic recording medium and such that the polarisation 
vectors of the incident and totally internally reflected 
reference beams are substantially orthogonal. Further 
advantageous features 'are defined in the svib-claims. 



The coupling element is e.g. a prism or a grating on a 
transparent plate or glass substrate as described in the co- 
pending European application no. EP 9S300188 (published under 
no. EP 0 930 549). The coupling element disclosed- in EP 0 930 
5 49 is a glass substrate having a periodic grating structure 
on the first surface whose period, in relation .to the 
incident angle and wavelength of the light and the refractive 
index of the plate . material is such that only a zeroth and 
one first order beams of the light being incident on the ' 
first surface at a predetermined incident angle are 
transmitted into the plate and that the transmitted first 
diffraction order is essentially totally reflected at the 
second surface /air interface, Thus^ the grating can behave 
like a prism in a TIR holographic process. 
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Advantageously the apparatus comprises means for Pleasuring 

tihe gap between Jbhe jiologj^^ recording layer and the mask 



preferably at the centre ol Lhe bcannln g illumination b eantr 
and means for adjusting the separation between the 
holographic recording layer and the mask. 

For a more complete understanding of the present invention^ 
reference is now made to the figures, like numerals being 
used for like and corresponding parts of the various 
drawings . 



Fig. 1 



is a schematic view of a total internal reflection 
(TIR) holographic recording apparatus comprising a 
scanning stage for scanning an illiimination beam 
in X and y direction (only x dimension shown) ; ' 



Fig.. 2 
Fig- 3 



a view of the scanning stage from above; 

the inventive TIR holographic recording system 



Figure 1. shows a knpwn TIR holographic system for forming an 
a hologram from a, mask pattern. It usually com^prises a prism 
11 or alternatively a grating onto which a substrate 13 
bearing a holographic recording layer 15 is index-matched by 
means of an appropriate matching fluid. The matching fluid is 
applied between prism 11 and substrate 13 and exhibits the 
same refractive index as the prism 11 and substrate material 
so that a light beam which passes from the prism 11 into the 
substrate 13 preferably is not reflected at the 
prism/ substrate interface. 

For forming a hologram two light beams are necessary, an 
object beam 17 and a reference beam 19. The object and 
reference* beams 17^19 are coherent light beams which are 
usually derived from the same laser light source. The 
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normally narrow laser light beam is first preferably expanded 
ar>H r-oi 1 T rti;^^.^.^ b y f^n expansion and collimatinq optics 21 to a 
beam of a diameter ot about 15 to 20 mm by a known optical 
expansion means- Thereafter the expanded and collimated beam 
is directed by a mirror 23 towards a xy scanning stage 25. 
The two'-axes xy scanning stage serves for deflecting the 
coliimated light beam 27 such that the beam can traverse in a 
raster pattern essentially the entire prism face onto which 
the substrate 13 bearing the recording medium 15 is arranged. 
For this purpose the scanning stage 23 comprises a first 
mirror 2 9 on a first carriage 31 movable in the x direction 
which deflects the light beam to a second mirror 33 on a 
second stage 35 moveable in the x direction that is also 
•mounted to the first- carriage- This second mirror 35 deflects 
the beam onto further large mirrors 37v39 such that the light 
beam enters the prism 11 through the hypotenuse face 41 and 
arrives at the substrate bearing face of the prism at an 
angle which 'is greater than the critical angle. For, the 
orientation of the stage system it is preferable that the 
beam be scanned in the x direction and stepped m the y 
direction (it also allows the b^am to be scanned in the y 
direction and stepped in the x direction, though this is not 
•desirable because of mechanical wear to the first stage). 

The mirror 37 is semi-transparent and functions as beam 
splitter for generating the object beam 17. The object beam 
17 is directed to mirror 43 which deflects the beam 17 
towards the substrate 13 at normal incidence ♦ 



For forming the hologram a mask 45 containing a mask partem 
4 7 is placed parallel and in a spaced relationship to the 
substrate 13. The object beam 17 penetrates the mask 45 and 
the transmitted light of the object beam interferes with the 
reference beam 19, 
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For forming a large-size hologram the reference and object 

scanned in an aligned reXat lonshlg 

across the entire mask 45 and substrate 13 surfaces in a 

raster scan-and-step operation whereby the object and the 
reference beams 17>19 interfere with each other in the 
holographic recording medium 15 thereby forming. the desired 
hologram. 

For the formation of holograms of a rather small size i.e. up 
to 2 square inches, no scanning of the beams is necessary^ 

The reconstruction of an image from the .hologram requires, 
that the direction of the reference light beam is reversed^ 
i.e. being in. the opposite direction to that of the reference 
beam in* the hologram formation process. The interaction of 
the reversed light beam (^reconstruction beam) with the 
hologram produces a positive image of the circuit pattern in 
"the photosensitive layer of e.g. a silicon wafer 'placed at 
the exactly same position as the mask in the hologram 
formation process (arrow . . indicates the reconstructed light 
beam) • 

In order that the image generated from the hologram is 
printed in focus in the photosensitive layer, the hologram 
bearing substrate and the wafer are made parallel and the 
separation between them is adjusted to the same distance as 
between the mask -45 and the recording layer 15 during the 
hologram formation process. For this purpose the wafer is. 
mounted e.g. to a vacuum chuck which is positioned on 
adjustable supports, e.g. piezoelectric transducers. The 
local separation between the hologram and the photosensitive 
layer is interf erometrically measured by a light beam. .The . 
light beam is scanned either beforehand or, preferably, 
simultaneously with the exposure beam scanning across the . 
hologram surface. For each measurement point the interference 



H-599-7034 



- 10 - 



11.06.99 



of the reflections from hologram and the wafer surface is 



and the photosensitive layer is derermined* as T:;he lighr beam 
scans the hologram the distance between the hologram and the 
wafer^ where the beaia is illuminating the hologram/ is 
continuously measured and then adjusted to the required value 
(corresponding to the distance between the recording layer 
arid mask during hologram recording) * 



In order to account for the different cross-'Sections of the 
reference and object beams 17/19 a prism 49 is provided in 
the light path of the reference beam which compresses the 
reference beam in one direction ♦ 

According to the invention it is of importance that a 
photoresist is selected as the holographic recording medium^ 
i.e- the interference of the object beam transmitted by the 
mask with the reference beam is recorded *as a modulation of 
the layer thickness. Further, • the planes of polarisation of 
the object and reference beams incident on the holographic 
recording medium are arranged such that their polarisation 
vectors are also substantially .mutually orthogonal in the 
holographic recording medium and such that the polarisation 
vectors of the incident and totally internally reflected 
reference beams aire substantially orthogonal- The la.tter can 
be achieved by providing polarisation n\eans 51,53 in the 
light paths of the object and- reference beams 17,19* 

The total, internal reflection holographic system according to 
the invention ' has polarisation means, e,g. polarisation 
rotation plates 51/53^ which are arranged in the light path 
of the object and reference beams 17^19, respectively, for 
polarising the object and the reference beams so that* not all 
possible holograms are formed (see figure. 3) . 
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It is to be noted that for the purpose of the present 

lnvAn<':.iQn scanning, of, the reference andob ject beajns_ Is not 

an essential feature and thatr accoxdiiiyly ^ also staL iojiaxy — 
expanded beams can be used as disclosed in OS 4,966,428 to 
Phillips . 

Further details of the invention and experimental details are 
given hereinbelow. 




L Introduction 



Ll- Technology trends and investraent costs 



Semiconductor chips have been miniaturised continuously since integrated circirit QlQ chips 
were introduced in 1 965, The packing density of cb'ps in mass production is now in the rat^ 
of-- 256 mega-bit dynamic random access memojy (PRAM) witihi a minimum feature size of ^ 
0.2 iim^ The recent road map predicts that a 1 giga-hit DRAM with 0.18 fim and a 4 giga-bit 
DRAM with 0.15 [xm features will appear on the market in 1999 and 2001, respectivelyfj]. 
The choice of li&ography technology is of prime importance in meeting tiaese targets. The 
technologies to mamufacture these two generations of memory devices arc tentatively optical 
lifliogr^hy witti KrF (X=248nm) or AxF exdmer lasens .(?v=193nm) even though they barely 
satisfy technical specifications. However^ these technologies might not be cost effective. 
Among alternative feasible technologies, besides optical lithography, to fabricate such devices 
are: e-beam lithography, ion beam lithography, and X-ray liftographyP;^]. Each technology 
has Its own restriction to chip production. Optical lithography with KtF excimcr lascjRS requires 
complicated photomasks (phase-shift [4,-6} and masks corrected for opticd[-proximi1y-efFectj7- 
9J) and processes (multi-layer re5i5t3(10-12]. anti-reflection layefs[13-15], top-;5urface imaging 
metfiods[16-18], etc.) to enhance image resolutioxx and process latitude. Optical lithograpbiy 
with ArF e»:imer lasers suffers from unsolved problemis such as compaction and color-ceni^ 
fonnatiott in optical componenl5(19-21]. In addition, flieie Is no sdtabte resist developed yet 
C(»npaFed to other lithographic approaches, e-beam and ion beam lithographies are an older of 
magnitude slower because of writing directly onto -a wafer[22]. Ion beam technology 
additionally leads to substrate damiage and uses complicated stencil maslss[23]. X-ray 
li&ogmpliy needs a dedicated facility containing a synchrotron and magnetron as a light 
source, beam lines, X-ray steppers, etc* What is even more of a bur<tani for X-ray lithography is 
the need ftr njasks J&brlcated tbrougjh a complex process. In addition, all exposure activity 
might be intem^rted if the sole light source, of syochrotron and magnetron stops for any reason. 
Bv«) if optical lithogrophy is feasible, it is no longer cost-cjBEeotive, A stcp-and-scan optical 
lithogt^Mo systOTL with a higb numerical s^erture (NA) of 0-63 equipped with a KiF excimer 
laser sourc or with an NAH).6 and ArF illuminatioo will cost approximately $7 million md 
$9 million/unit, respectively [24]. Hie semiconductor industiy might hesitate to choose such a 



• 



tool in the future at these costs. Tbfi price of systems naturally increases because the number of 
lenses, ifaeir size, and the precision of their manufacturing has to increase. Moreover, the 



^"p^ilon ;y7gch^ics consfsfiT ^ of a wafer ssp-tnmingirgie opposi^lgectig^to-tlgltfaslr 
stage at a 1 :4 velocity ratio makes tiie machine extremely complex, benoe expensive, . 
The imaging resolution, R, depends onthe NA (NA^-sio^) of flie optics used and is given by: 



where is a process dependent constant and X is the waveleij^gthpS]. If flie process constant 
is fixed, the resolution is proportional to A and inversely proportional to NA» If the NA 
increaj?es and/or A decreases, the resolution is improved. If a technology -with increased NA 
and without using sophisticaled optics and mecjtanics emerges, people would choose it fix- 
future device manufacturing. For this reason, a new litibiographic tooj using tota]*in]befDa)- 
reflection (HR) hologr^hy(26-32] might be one of tte best candidates. 



1.2. Why surface-relief TIR holography for deep ultra-violet (DUV) 
light? 



F-S,M. Qube explained the principle of holograi*ic Iithiogra|)hyt33], He claimed that 
advantages of this technology are: (i) hifijx eflfective NA (-0.8), Oi) readily scalable for large 
panems (there is no compromise between resolution and field sizeX and (ui) no aberrations 'Siat 
degrade feature size iiniionnity and ov^lqr. 

TIR holography can be accomplished using eiliier a volume or a surfece-relicf hologram. 
Volume TIR holography, using a reiGractive index modulation inside the hologram mat^ial, is 
subject to dif&action efficiency variations with a small change of thickness across the hologram 
plate or from plate to plate[34]. If the dif&action efficiency varies, the necessary exposure dose 
changes. To ensure a consistent efficiency^ one needs to control the hologram thickness 
vaziation by strictty controlling tem|>erature and humidi^. Moreover* the tbidkness control may 
become more di£Scult if the wavelength decreases. Luckily, there are suitable malerials in tsse 
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for volume holography for the ultra-violet (UV) r^gJme whose wavelength ranges from SOOxun 
to 4O0mnP 5-381 

"Bcrif1he~wavetei igtli goes down to a DUV , th e-dee p ultra - viol e t , re gim e (?l-200 - 3Q0nm.) to 
achieve a high r^olution, there is no suitable mat^al for volume holography. Instead, surfece- 
relief HR holography can be considered as an alternative to die volume TIR holography. 
Because the eifectiive xej&active index modulation of the-«urface-relief hologram is higher than 
that of the volume by several orders of magnitude, the tfiiclcness can be reduced to «lMin. The 
transmittance of numerous materials then remains in the reasonable range at say >50%. 
However, people worry about a peel-ojEF problem of hologram layers during development, if & 
surface-relief technique is employed[39]. Such a peel-off problem may be overcome by a 
proper combination of pojansations for the reference and the object beams. Using a 
conventional etching technique sudbi as plasma etching, it is possible to transfer the sur&ce* 
relief ims^ ixtfo its suhstraie to generate a stable hologram. 



IL3. Evaluation of bologram materials 

Since titerc are no DUV materials commercially available for volume holography, it is 
necessaty to consider ihe alternative of sur&ce-relief holography. Surface-relief hoJogrsqpby 
uses Ihe surface modulation \yith, while voliime holography uses the index modulation between 
the exposed and unexposed fringes in the material. Smce the index difference between air and 
flie hologram material of surface-relief holography is in the range of 0-5-LO, while that of the 
volimie hologram is -0.006, the hologram depth can be reduced by a factor of -100. Th^efore, 
even shalJ.ow surfece modulation can give rise to the equivalent dijafraction efficiency of the 
voliime hxjlograplry. This is advantageous because one can use a thin material (< 1 which is 
standard in photolithogr^hy. 

' For DUV suiface-relief holography, photoresists may be acceptable because they have long 
been used for photolithography. However, it is worthwhile to examine other materials such as 
dichromate poiy-vinyl-alcobol (DC-PVA)[10-14] and poly-metbyl-methactylate 
<?MMA)[15>16], which h^ve been studied extensively by other researchers using UV light 
Another kind of resist worthy of study is silicon containing resist, GR650[17-223, which later 
can be converted to a glassy material eSter ox>'gen exposure. In this section, all candidate 
materials for the DUV surfece-relief holography are compared fincsn the poirtt of view of 
resolution of ^e spatial, frequency, sensitivity, linearity, etc. One cannot evaluate all possible 
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jnstejcials using the TTR holographic set-up, because it would require a lot of woric One selects 
therefore only a few suitable matenals using the transmission set-up. 



-Refiac tive i nd ic 



ion coefficaajft'fflrg'migasurednjsin^^ 



Results are summarised in Table H-l. The connesponding transmittance for iM^^ thickness is 
showa 

Figure II.9- shows the imeosiiy dfetributions inside the materials for the case of a) SASOOl, b) 
SJOU40, and c) DOPVA at a thickness of Ipm, The light ixxteosity deqreases with the deptit 
The attenuation depends on the absoiption coefficient a, detennined ftom a'^iiKasT^ with the 
cxtincdon ooefiRciem K«7 at jl,«0i57Min. It is more difiBcult to obtain a good xesolutiott with 
a highly absorbing material than a low absorbing one. If the intensity at the depth of 1pm drops 
by a factor <0^7, the risk to obtain features witih* Isidgings between iin^ is str^ 
after processing. From tbis point of view, only sev«a mat^ials sudbi as SNR240, XP9549Q, 
DP009, PAR, SASOOl, PMMA, and GR650 satisify the low loss requirement fer TIR 
holograpby. 
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Table II. 1. Optical properties of the potential materials for DUV surfece-relief holography. 
All values are valid for X=257iim. 



But if the thiclaiess hecomes as as 2S0xun, which is stiU tiiick enough for pisraia etchitiys 
appUcatiojQS, 4ie transmhtaace at Hxs depth would increase significantly. The matedals: 
SPR505, IP3300, and PFI58A7 practically have zero transmittance at X\m tWlcJcness. The 
transmittance lor 250nm thickness is only 0*19, 0.09, and 0.19, respectively. All these values 
are still smaller ftian 0.37. These materials have high absorption as they contain highly UV 
absorbing aromatic groups as back-bones[23-2S}. These three materials are eUminated. 




Fig. II.9. Relative intensity diatributions with S-polartsation in three dififerent materials 
having ditTerent transmittances: a) OJSf\im, b) 0.(51/nxa, and c) 032/\im. 



Materials which pass ti>e absorption screening undergo the e?q>osure test to find the 
photosensitivity, the -Rvalue, and the resolution. The photosensitivity is inferred from the y- 
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cujve with «£, '*'£^)/2). The angle of incidence is varied to cjbangc iSxe minimuni period. 
Table n.l. summarises the results j&om pensive experimental studies. 
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lorn epqwsuie time to expose tbc jRjll thickness of ttus material. la this case, stable hologram 
fonnation must be very difficult because axo' disturbance induced durtog long e7q)osure such as 
floor vibradoj^ acoustic vibration, air tuibuleace, etc, becomes important. Therefore, all 
materials having poor sejsfdvitiies (<1 00 mJ/cm') are also rejected, ' 
Because the 7-value is related to ihc slope of the y-curvc, low y-valucs tend to transfer images 
more faithfully. Therefore, all the materials having reasonably low contrast such as ird are 
chosen. Among the six chosen resists, SNR240 shows the lowest 7-vahie with y=^\ 2. 
.For the resolution capability test the modulation d^jth is measured for different grating 
periodSr The modulaticm comxast, M, is given: MK<JmK-An»)/(4Bax+dmiii)* where d„,„ and 
are the thicknesses of flie resist corresponding to the crest and the trough of the grating. These 
M-valucs are not shown in Table II-L.Kesist features with M-values. lower than 0^5, 
correspondfa^g to d^==l and dain=0.6, are considered to be unresolved hence rejected. The 
resolution capability is the best jfor SNR240 with a feature size of 65mn, whfle DC-PVA and 
GR650 show poor resolution," Both XP9549Q and SAS002 have a resolution capabUity 
inferior to SNR240, although most of the properties of XP9549 Q are quite similar to those of 
SNR240. Its resolution capability of 80nm is satisfactory for DUV TIR holography. But it is 
worthwhile to demonstrate tiie effect of such a small y-value difiEerence. Figure 11.10. shows the 
exposure, signals with a) four different exposure doses, and their corresponding calculated 
resist-profiles for b) SNK240 with Y=l,2 and c) XP9549Q with ^2,1. It is diflDcult to notice 
any difference concerning the linearity between the two projQles except for the reversed tone 
(one negative and the other, positive). This means that either of *ese two resists are 
satisfactory. For our experimema on the TIR set-up, negative tone is preferable. With tfac TIR 
set-up, because the strong reference beam with respect to the object beam irradiates the 
hologram layer from the bottom, a strong intensity may be distributed near the bottom of the 
hologram layer. In this case, if the hologram material is a positive tone, the developer liquid 
will quickly dissolve the strong intensity area along the Interftce between fee hologram layer 
and tibie substrate. This may cause a pattern-lifting problem. 



a) b) c) 

Fig. ILl 0. Exposure doses and their corresponding calculated resist profiles. 

a) Exposure doses, b) calculated resist profiles for SNR240, and c) those for XP9S49Q. 



As fiur as the resolution capabiUty in this screentog procedure is concerned, a $teq> profde is 
not esseotiWl, unlike to convcntibnal lltfeogiBphy. Sinusoidal profiles cm be achieved with low 
Y-values. But DOPVA vi*©se y-value is low (v=155) does not show ibis phenomenon. 
Sinus<Mdal profile with DC^PVA was observed down to SOOnm. But features below tins size 
lose reccMTding fidelity as dwwn in fig. ILl La). The profile is no longer sinusddaL Feature 
sizes below 35Qnm are resolved. Only a plane material surftce is obsmed. This is 
presumably due to swelling during processing because PVA is water soluble. It is vulnerable to 
moi5ture[10], and theiefere wet piocessiog ^ix>g wato is potentially rfaky. Figure H I Lb) 
shovfs SMtaAffs 65nm lesolutiioix capabiHty wiA good fidelity to a sinusoidal intensity profile. 
Therefore, aiy interference j&inge made fpom DUV TIR holography near this size can be 
resolved as such 

For most parts of this ftesis, experimental and simulation, results are for SNK240. Furtba: 
characterisation oif this resist will be shown in the following chapters. 



One of the major advantages of HR holography is that it is possible to lecord a large image field with a 
hi^ NA because of the proxiinity between the o^ect and the holograintl-3J. However, TIR holography 
tadispensably needs a third beam, the TIR beam, along %vith the ohject and the reference beams that 
cause a conipUcated intensity distributioii within the hologram layer. Since surfece-relief hologrs5>hy 
use$ the sfitong index difference between the wr and the hologram grating, a deep suifece modulation in 
general will deliver a high dif&action efQciency. Because the intensity distribution is a function of many 
fectors such as the angle of incidence, polarisations of &e object and the reference beams, beam 
intensity ratio, absoiption and refractive index of the hologram material, etc, the effect fiom each fector 
should he ejcatnined to achieve the best surfeee modulation. 

■n^e aim of our work for TIR holography is to maximise resolution with good difiraction efRdency. For 
suifece-reliej^ aims are to acWeve suSiciebt modulation depth with a linear recording and zero noise. 
These depend on intensity distribution and process parameters, all of which require opiimisatioa 
In this chapter, a brief theory, extended simulation along with experimental results are shown. A way to 
acMeve a good surface modulation is also presented by changing process parameters- Ihe modulation 
depth is measured by a scanning electron microscope (SEM) or an atomic farce microscope (AFM). . 



Theory 

In HR holography, ttiree beams contribute to the formation of iotaference fringes inside the hologram 
material. Figure ni.l. iUustxates the three beams incident on fte recordujg material of photoresist. The 
prism used for the calculation and the experiment is an isosceles triangle wi^i an apejc angle of 90» . The 
electric fields, , E„ and E. , for these three beams can be expressed as 



Err = JS^ expCMt,, -r), and 



(Hl-l) 
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wbeie E^, E^, aod are Hie electric fidd amplitudes; k^, k„, and k. are the cojnpiex wave 
vectors of the cjcctric fields of tibe incoming reference, reflecting reference, and otiject beams 
respectively, with r=je$+jy+i?; =.^(«j,+i>e)(-stne^,0-co8d^), 

jf.^^^{n^^iK](-s.m9^fi,cose^), and k, = ^(v+/r)(o.O,l);f^ is the incident angle of tbe 

reference beam witibto ifee hologram material; and are the refractive index and the extinction 
coefficient, lespectively. Pi^, P„,and «u» the polarisation vectois- If a linear polarisation is 
Considered, each polarisation vector is expressed as: 
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' Fig, in. I. Geometry of TIR holographs'. 
(x,y):l£&'er plane. 
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^j^^ and ace the azamuthal angles of polarisation off the plane of incidence for the refenence and 
th€ object beasns, jrespectively; /? and j are the phases shilEted due to the total internal reflection for 
polarisation components of P-* aind S-polarisations, respectively and arc expressed as 



Cni.7) 



where ft^ is the refractive index of the photoiesbt The average electric field energy density, /, within 
the iiolc^ram xnaterial can be esxpressed as: 



(nL9) 



Figure I11.2.a) aiustratcs the decomposition of the ftree beams into three groups of two mutu^ beams 
interfering each otha: to produce corresponding fringe sets. Fringes are formed by the incoming 
reference and flie object beams; by the TIR and the object beams; by the incojtning and the TIR beams 
are referred to as reflection, transmission and Lippmann holograxns respectively[4]. 
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Fig. 1IL2. Illx^atiion of ifringe fonnafiofli wiflnn hologram material by TIR hologi^hy: a) Three 
different hologram fringes forined by two mutuaUy oohamit beanisi: b) Tlffee holograms s^>eiposed on 
top of each ofli<>rtthin tIR hologRon. 



These ifc bolograD^ liayer Tv»fa <Hfferem incUnation aaigies denoted as 

Br , and $t, far the leflectian, the transimssion, and ifae' Llppoana holograms, respeistively as shown jft 
Fig. ni.2.b). The three inclhi8tlonar;gles^^, ^r * and "^^^ ~ 72%;-I8», and 90» respectively, if 
the refractive uadex of th6 hologram malpriai is taken as 1.8. TTie grating periods fyr the reflecfipo, the 
transmission, and tibe Uppmann holograms are 75nm, 23 Inxn, and SSnm, respectively. 
Since the intensity distnbuaon within Ae hologram material is a function of many diffawtt parameters 
such BS absorption, ftiickness, refractive index of the material, polarisation, incident angle, and beam 
intensity lafio betvween reference and object beams, 4e shape of interference fnnge might vary with 
dijBferent combinations of such paiaroeters. From cq. (IU.1) to OH-S), it is possible to group the 
parametere: one set of parameters is related to the properties of ibe resist and the other set depends on 
the optics. Hie following sections desdi with these sets. 
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Since three beanis interfere with each other, tiie icfluence of the resist parameters such as absorption, 
refractive ind^ and resist thickness are considerably more complicated (ban with two beam 
interference. To obtain a deep surface modulation after recording and processing, it is worthwhilB to 
show the effect of these parameters. 



m.l«Ll, Absorptton eflfect 

The absorption ejBfect in the TIR hologram is closdy related to tihie intensity conlrast differences among 
the three dijff^^lt holo^am jOrtnges/ However, it is not so simple to cocoecture the distribution Ijecause 
aU three fringes yield a lot of nodes and anU-nodes. Figure HUB. shows the intensity distdbufions within 
the hologram material for various absorption oocfiHdetxts corresponding to O/pn, OM/\xm^ and lA7/m 
with P-polarisation for both the object and fee ref«ence beams. Those three absorption ooefiBdents 
correspond to lossless material, Shipley resists SNR240 or XP9549Q, and Samsung resist SAS002, 
respectively. 

Intensity distributions are shown in Fig. ni.3. using F-polarisation for both the rt^erenoe ai»l the object 
beams with 1:1 beam intensity ratio between the two beams. In Fig. IllJ.a), the transmission and the 
reflection holograms are clearly visible, while there is no distinct Lippmarm hologram. However, with 
increasing absorption, the transmission grating gradually disappears going throu^ the depth of the 
resist. For SASO02, even the reflection hologram shows only a weak contrast, which can be interpreted 
as both the ot^ect and Ibe reference li^ts being strongly absorbed while they travel 'faou^ "the resist 
■ For any of the three cases, the crossing of the transmission hologram with the reflecticsa hologram 
creates new nodes and anti-nodes. TWs makes it difficult to go throu^ the ddpth from the ^ace of 
resist during development. The first node group flx>m the surfecs miglSt be peeled ofi^ if the resist is 
o\'er-developed. Therefore, the development condition &on1d be precisely coniroUed. 
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Fig; ni.3. Intensify distributions wifliiri hologram layers "witti different ateorption coefficients: a) O/nni, 
hy OAZ/iim, andc)142/Mni, wUcii c^espond to alossle^ inaterial, SNR240/XP9549Q, and SAS002, 
reqjefiively. P-polarisation is. used both far ft*; 



' As the absorption inaeases; the reflection hologranj becomes daminaot because flxe wieakened m 
beam with the ol^ect beam makes a weak transinission hologram. In tMs case, the developw solutton 
will more ta^dly paoetrate along the reflection bolognim, vvhich might cause collapsed patterns due to 
significant inclination of the fringes. 

If the slightly abscsirbiag resist, SAS002, is carefully developed, it is possible 1o 6btain a suiftce 
modujation -without causing pattern collapse; But the development latitude befin* the pattern collapses 
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Toxiaded pjroiiles. 

Figure III.4, shows two cross-sectional piofUcs after development of SNR240 and SAS002, SAS002 
was developed for only 5s in.a developer, Shipley MF322, to avoid the pattern collapse, while SNR240 
was dipped in the same developer for 30s. The degree of the surfeoe modulatioa of S>3R240 is dJstirnctbr 
higher than that of SAS002. The degree of pattern inclmation is also very high as is predicted fiom the 
simulation. Ixx practice >vith SAS002, it is almost impossible to avoid pattern collapse, if ibe 
development time increases tc improve the surfece modulation depth. This imderlines the feet that low 
absoiption materials such as SNK24C and XP9549Q are more siiitahle for the surface relief TIR 
holography. 




Fig- m A Cross-sectional profiles of a) SNR240 and b) SAS0Q2 recorded with DUV TER holograpl^^- 



III.l.i.2. Refractive index effect 

For the mtexi&ity distribution, the ind^ of rejfraction is another important paiameter of the resist. The 
refractive index in surface-relief holography is important not only for taldng into account of the 
reflection but also for the difixaction efficiency which is directly coupled to the Jndex dfifiFerence between 
the resist and the air. Figure UIJS. shows the inlensi^ distribution vi*thin the resist with three diflferent 
rej&active mdices of 1.5, 1.67, and 1.8 at 257iMn. These three refractive indices correspond to 
materiais whose indices are close to the fused silica substrate, for XP9549Q, and for SNR240, 
respectively. 
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Fig. III.5. Intensity distributions whWn hologram layers with different refractive indices: a) b) 1.67, 
and c) 1.8, which correspond to a material having a sixnilar index to the fused silica substrate, 
XP9549Q, and SNR240, respectivdy. 



As the index increases, tibe grating period of the relBection hologram is shorte^ied, while that of the 
tjcansmission stays essentially unchanged, This can be explained with the Ewald circle diagrams shown 
in Fig. m.6. The radius in the fUagram represents the mfigJiutude of the wavevector, * 2^m/ . As the 
refractive index, w, increases, the radius of the circle increases and both the incident and the TIR angles, 
and $^ become smaller than ^J, and ^1, . Therefore, fte resulting gratixxg vector for the reflection 
hologram. \Ku\. becomes larger than |Kjj,l . This means that the grating p«iod with a higher refmcUve 
index becomes shorter than that witfi a lower irejflhactive index. For the transmission hologram, |K2,1 
becomes only slightly smaller than \Kj^\. This shallow depth moduladcm with a higher refractive index 
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shallow, the diffiactian effidency will an be very diflferent due to the enlmce^l moex dinerence 
bctwc^i Ihe resist and the. a5r. However, for a rough reast surface, tibe noise level caused by a fixed 
degree of raughnes$ is expected to be highCT for a texge index ibm that for a small index. Therefore, 
materials wiA lower index are more suitable. 




a) 



b) 



Fig. Circle diagrams for a) low and b) high reiBractive indices, showing the wavevectors of the 
three recording waves and tt» *COTrespon4ing gratfag vectqrs/For ni>nu the magnitudes of the gnife« 
vectoflcs of [K = |K|,1 , while |Ka, I > iKx^l . 
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Tbiclawss effect 

Since the resist ithickiDess id) is coupkd wtti tihe absorption coejBBcient • (a) to detemune tf» 
txansmittance (7) ofthe resist through a fonnula 7-exp(-4^/^)-(/ = exi)(-«f-<0, the product « is 
of prime concern. As mentioned earlier, the tiiickness should be reduced to satisfy a - d < 1 to have low 
ateorption. Fortunately, «ie Qiickness of the resist can be easily adjusted by dilutijig liquid resist 
with solvwit wid/or t>y changing the qjeed of a spin-chuck, while Ac absorption is fixed ooly the 
solidified resist However, the daaaty of defects sudi as pinholes, voids within the resist and dimples on 
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-t)ift-resist-suifece. -dramaticalbUnae«ies v>ith_dffTeasing thickness of flie re^st [5] ■ If Oxge ^ such^ 



defects witbin the resist, patterns will peel Off during development or rinsiug. FiguA« in.7.a) show»^»- 
defects revealed aftei de\elopmeiit of the 75iim thick resist, SNB240, while b) diows no defects with a 
300nin thick resist Hie thinnest resist thicknesses firee from defects are 200nm, 220nni, and 1 80nm 
for SNR240, XP9549Q, and SAS002, xespectively. The devdopmen* time for Ais defect test was 30s 
with 1:1 dUuted MF322 developer. Eveo if the void within the resist Is^er is not exposed during 
developroent, ixmsyU revealed during the diy etching that erodes the resist along widx li» substrate. 

The task of reducing defects is more one of preventon than of actual elimination, since the reliable 
accuracy of rapid testing is limited to about 0.25^10, the detection limit of an optic4 micro-scope. 
Nev«rtit»e)ess, there are some observations and procedures which should atiinimise their occurt^ice: clean 
suffice, ultrafiltration of resist to remove gels and insolubles, highest prebake temperature to flow 
resist, etc Thereft)re, the resist thiclaxess should be determined taking into account of the rcsisf s defect 
densl^, and etcbiDg process conditions. To be on the safe side, we choose 250raD, 270nm, and 230nm 
tWcknesses for SNR240, XP9549Q, and SAS002, respectively for our later experiment 




a) 



b) 



Fig. III.7. Gratings (period of 257TnD) formed with ^erent resist fliieknesses: 
a) Defects wiftL TSom thick resist b) No defects v/ith 300nm thick resist. 
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In summary, it is desirable to find a resist malarial which has tagh transparency and low refractive 
iadex with a defcct-irnmune thickness. Two resists of SNR240 and XP9549Q have equa% low 
ahsoiptiott <r=0.48/pm. But SNR240 has hi^er refractive index (L8) than XP9549Q (1,67). In view of 
defect free thickness for these two resists, S^fR240 (250ma) is slightly better than XP9549Q (270nm). 
These two resists will be compared from scattering point of view in ch^qpter IV . 

in.1.2. Effect of optical pairametei:? 
nLl^.l. Effect of polarisation 

If all the three holograms resulting from the three beam interference are equally strong in intensity, *e 
intensity distribution will be very complicated as indicated in Fig- IIL2. For tiKis case, the surfeoe 
modulation depth after processir>g will be v«ry shallow as we have already demonstrated vnft only two 
holograms (the transmission and the reflection holograms). One of the optical parameters affecting the 
intensity distribution within a resist is the polarisation, as predicted from eq, QUA) to (III J). Since 
polarisation changes tb^ relative strengths of the three holograms within the resist, it would be useful to 
find the best combination of ihe polarisation for the otgect and the ref^^ope beams, 

ntl J14- TIR holography without photomask 

It is easy to imagine how the intensity disuibution looks, if wUy two. beams are inteifeitig wWx eadi 
otiier for different polarisation angles. But when three beams are involved vrith different polari^tion 
vectc^, it becomes quite difficult to visualise the intensity distribution. The Uppmann holo^m can 
nearly be eliminated by employing P-polarisation fiar both the incoming tefwnce aod the object beams. 
But in fbis case, the other two holograms, the tranatnission and tiic reflecticai holograms, still exist in the 
resist which superpose as shown in Fig. in.3- This might be a problem in obtahring a deep suiftce 
modulation after development- It would be useful, if a certain polarisation combination of the reference 
and the object beams eliminates fte reflection hoJogramy the residual LiRnoDiara^ hologram that crosses 
the transmission hologram would have a longer period (SSnniO- 
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And the maximum and flie xninimum intensities for the LipfMnann and flie transmission holograms are 



/L,^ - »i +»i ±2E^E^|P^ .r„| and 



(IILll) 



respectively. If E„ =Eir (for loss-less material) and the amplitude ratio.r=E, /E^, tixe iotensify 
contrast, for each hologram becomes as follows: 



for the Lippmatm hologram and 



(ni.i3) 



for 'Ate transmission hologram. 



(nLl4) 



Figure 111.8. shows the contrast for each hologram as a function of the polarisation angle for the 
reference beam fai the case of the amplitude ratio r=l. The contrast of the transmission hologram is 
always higher than ftot of the Lippmann hologram with the polarisatioa angle between 8*" and 59*", 
while keepiiTig that of *e reflection hologram to zero. Th«e is one particu^r angle, 9^ , vrtiich generates 
a high contrast of the transmission hologram wife a ver>' low corttrast of the Llppmann hologranL Hiis 
angle is e, -29'» with te corresponding angle for object beam, B^^SS^ accordiag.to 6^.(111.10). If 
the intensity- contrast is too low, e.g. C<0.4, the sirface modulation might not be deep enou^ In flns 
cas^ the top surfecc might be quickly eroded duricg development This shallow surJBsioe moduMon was 
experimentally confirmed using SNK240 resist with tiiie transmission set-up with an inter-angje of 70? 
having P-polarisaiion, wttdi correspoflds to C=0.4. In ftis case, the usejRil range of polarisation angle is 
limited betweerx 12** and 44*'. If the absorption is taken into account, the 
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AzimuU^al angle of polarisation for the reference l)eam, 6,0 

Fig. m.8. Contrast a$ a ftmctton of polarisation angles far the reference beam. The reflection hologram 
is eliminated. 



Figure IU.9. shows the intensity distributions for SNR240 resist with three diffewsrtf combinations of 
polarisation angles of the reference and ihe object beams. Eq. (111.10) is salisflcd to get rid of th 
r^ectioa hologram. The contrast of flie tranismissjon hologram far the icfeeace polarisations of 39" 
and hs conesixinding object polarisation of -45'^ is the highest Figure in^-c) may generate wak- 
modulation, became the contrasts for both the vansmission and the Lippmann are weak. Figure in.8.b) 
shows a good transmission hologram vdth a weak Lippmann hologram. Therefcre, it is suggested that 
the combination of polarisation angles for the lefejtence and the ol)jett beams shall be choseo Ott Has 
fcasis of tiie contrasts of fte two different holograms. 

Figure ni.lO. shows the resist profile developed witix .MF322 for 30s after recording wlA fl»e 
polarisation combination of 6^ and ft--56'- Neither the reflection nor the Uppmann hologram is 
visible. This may come fiom the acid diflEusiott during post-exposure bake (?EB). The add generated 
during exposure can be dijBRised during baking. The adds may difftjse aloiig the transmission fiinge 
than tije Uppmann hologram at the FEB temperature of llCC The modulation depth in SEM 
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which was already shown in Fig. IIL4.a). The modulation depths for Fig. lll-9.a) a^d c) are 70nm and 
40nm, respectively. The strong Lippmam hologram which blocks the development in the vertical 
direction for Fig- in.9.a) and the poor contrasts for Fig. UI.9.c) w of the origin of the poor result in 
this case. 





b) 




a jDc 3x 't a 30 



Fig. III.9. Intensity' distribudons for three different combinations of polarisation angles: a) ff/=39** and 
^5^. b) 6^=29* and tf^= -56«, and c) ftp»19* and 61^^ -67^. 
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Fig III 10 Developed resist profile lecoidcd by the TIR holography with the polarisation angles of 29*> 
• and" -56" for the reference aad fbr the" object beams, lespectively. Neiftar the reflectioo »or the 
Lipprnaiin holograms are observaible> 



IIL1,%1.2. TBI holograpliy wHh pliotoiiaa$k 

We have considered TIR holography without using a photomask. In this case, only three mqjor beams 
contribute to forming interference flriuges with fee hologram layer. Far a photomask containing 
structures that axe mutually orthogonal, the number of beams interfering eadt 0«ber will Increase 
dramatically. This wiU generate numerous fiinges, It may be possible to. find the correct parameters to 
obtain strong fiinges with the interference between the TIR and the dif6actii« beams fiom a 
photomask. The reflection and the Lippmatm holograms should also be suppressed. Figure in.ll.a) 
$ch«natically represents the 3-dimensional gewnetjy of the masked TIR holography sho^niag ± 1* 
orders for both In x- and y- directions- Figure ni.ll.b) shows how the djffected.beams trawd aaoss the 
hologram layer ^\ith their proper polarisadon and reftactlon angles. To simpliftr ihe represjatfaUon, the 
di€&actica orders are considered only hi x-direction. The notations used &r calculations are as fellows: 
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Pi. 
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: 0* order object beam wave vector 

: +1* order object beam wave vector dljRfracted from the masic grating along x-a?ds 
: - 1 *^ order object beam wave vector difi&aded from tbe mask gratmg along x-axis 
! ^l^ order object beam wave vector difiGracted from the mask giatmg along y-axss 
: -1'^ ord^ object beam wave vector diffracted from tbe ma:^ grating alopg y-axis 
: 0^ order object beam polarisa^oa 

: pol^sation vector of V 1** order object beam difiGracted from tbe mask grating along x-axis 

: polarisation veclwr of -l"* order object beam dlf»acted from tfie maslc gratijog along x-axis 

: J^llSs^ipn yectgr3qf t Jl^orfter ©^.t'®^ ^''^^^^^^P^ff^^^ C?"*^ y'"^''^? 

: polarisatiojDt vector of -1** order object beam diffracted from Ibe mask grating along y-axis 

: polarisation vector of incotning reference beam, not shown in Fig, in. 1 1 . 

; polarisation vector of TDR beam, not shown iixFig. in.ll. 

: ± 1** order diffraction atiglc in air 

: db 1*^ order diffraction angle in holc^ram layer 

: polarisation angle from X-axis around 2-axl?. 

: polarisation angle for the reference beam 



The dijOQcacted polarisation vectors inside the hologram layer are expressed as follows: 



F;'«» = (coB^„,sin^^-,a) 



(IIL15) 



p*'-*^ = {cosO^ cos^»sin^^,Tcw^j, sin^ 



(ni.l«) 

(in.iT) 



(in.ig) 



m (- cos^, cos^^ COS p^siaB, cos^,-co5^, sin cosp) 
+ /("COS 0^ COS dp^ slnp^ sin 6^ sin cos Sr sto ^^P) 



(m.l9) 



37 



A f » f * ikt 



Foi a desired inininiurn feature size of O.lSpizi (correspondbag to a pitch of 03\mi)f 

diflfractioxi angle becomes 58.9^ with aa illumination waveleogto of 257nm. Therefore^ its refcacted 

angle i into the hologram material, SNR240 resist, becomes 28.4^ 




material 



* a) b) 

Fig. in. 1 1. Geom^ of the TIR holography with a periodic xnask: a) Reference beams and +A1«^ order 
difi&acted beams from both x- and y-direciion features on «ie mask, b) Notations of the difBraction 
orders in x-directioa 

The fringe contrasts for ihe Uppmaim and the transmission holograms in the hologram l^r are pven 
■ by eq. QILA3) and (III.HX respectively- The fiing^ contrast for the reflection hologram i$ ^ven as 
follows: 
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where r is the amplitude ratio between ^ object and the reference beams. 

If the polarisation angle for the object beam chosen such ibat tibie direction of P. becomes coouaon 
to both X- and y^ection fcatums, features in both orientations would be produced wth equal quali^jr. 
This is achieved v^th the object polarisation angle^ 9^ = ±45* , 

Because we want to suppress the fundaniental reflection hologram fonned by the interference between 
the 0* order objea beam and the reference beam, the fiinge cc^wfast should be kept to zero, that is 
. Pj^j tr 0 . Evexx with this condition, the contrasts of the other xejOectito holograms formed with ± l** 
order dijEfracted beams cannot be completely cancelledL It is worthwhile to examine if they remain at 
minimum level. 

Figure III.12. shows the contrast distribution calculated for the case of an assumed diffraction angle of 
60^ as a function of the reference and the object polarisation angles of 9, and 9^ , respectively. The 
contrast map is dravm for different fringes formed with ± 1 djUaQraction orders for the vertical and the 
horizontal gratiogs on the mask. The high contrast areas are distributed in diagonal directions. The higji 
contrast stripes are running from the bottom-left to the top-right of comers for the interfwence group a) 
and from the bottom-right to the top-left of comers for b). These two groups look like mirror images of 
each other except for the cases of - Vt^^l and |p„ 'Po*'*^] . The windows of the reference polarisation 
angles with the given object polarisation angle of -45" are shown in each contrast map. Low contrasts 
axe chosen as the windows for a) and high ones are chosen for b). The common 'area for bofti a) and b) 
is 32* to 62* for the reference polarisation with -45^ for the object polarisation. If -45*" is chosen fox ft , 
accordingto eq, (ra.lO), the 51, becomes 39^ thatis within tte 

If the contrast for a dijBBraction angle of 60"* is acceptablep the contrast for diffraction angles <60* is also 
acc^^ble. Figure IIL13. shows the contrast for each fiinge as afunction of a diffraction angle from the 
mask grating. Two different comWnatiQns of fte polarisation angles are shown. One is jfor ft ^9° and 
ft =^56** (Fig. ni.I3.a» and tibie other is for ft=39^ and ft —45* (Fig- in.lS.b)). The contrasts of the 
interference fringes made with tiae incoming reference beam (tiie reflection hologranis: thick lines) are all 
lower than ftose with the TIR beam (tihe transmission hologram: fltin lines). The cantiasts fiw the 
tcansmissicMi holograms of Fig. IIL13.b) are Wgher than those for Fig. ni.l3.a). Tins is e?qpected flx>m 
Fig.ni.8. 

39 




Fig. nL12. Contrast as a Jfunction of 0r and $^ for differenl holograms formed by diiBferecn polarisation 
combinations. The dijffiraction angle from the mask is assumed to be 60*: a) interfercnoe betw-een 
mcoming leferenoe beajoi and diffracted ohitct orders, b) htterfeteoce between TIR beam and diffiacted 
okiject orders. . 
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la Fig. ni.I3.b)9 the angular dejpendence of the contrast for the transmission hologram fomjed witti -1** 
order in the x-axis and +1^ order in the y-axis shows a perfect superposition on top cf each other as that 
wifli in X and 4" in y does the same. For the reflection hologram, the contrasts of order in the 
X-axis are the same as those of order in y-axis. This is po^Jble because of the common 
polarisation angle of 0^ =-45*, 
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Fig. ni.l3. Contrast as a jfunction of diffraction emgles from the mask for each hologram. The 
polarisation angles for the lefereace and the object beams are: a) ^=29* and ft=-56°, b) 0,'=39° aad 

c^(-<y.a)=lp„-p,-;'-«| c. 



,(+5,o)=|f„-f: 

„(-^,o)=|p„.p.-''| 
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decreases. This meatjs that the relative strength of the transmission hologram over tibie rrflectioD 
hologram increases as the djfi&action angle decreases. For masks having gratiogs in botii x- and y- 
dii«ctions» the optJxDum polarisadon can).binatiott is ^^=39'' and $^ =-45^. 



II![*1^2. Eflfect of beam Intensity r^tio 

If a photomask is employed in the object beam pa^fti, multiple diflBractioxx ord^is are involved in 
interference jOringe fonnatiotu In this case, the amplitude of each diflftaction order will be different from 
eadtx other* To form fiingcs in the recording material for weak, diffiaction orders, the fringe intensity 
. should be higher than Eo in the y-curve. If these friiages result in a too shallow $ur&ce modiilation depth, 
the diffraction efficiency from Ihetn during reconstruction is also too weak. If fe^ T^curve is too steep, 
fringes from small features might not be recorded, while those from large ones are saturated. Since the 
fringe contrast in Ihe hologram is a function of amplitude ratio between beeuns, this ratio $hDuld be 
chosciri such that interference fringes from big jfeatures as well as from OTxall ones can be recorded 
simultaneously. 
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Fig. ni J 4. Three dijafercnt feature sizes and their images. 

Fresnd fringes cau$ed by a large feature can f^ll i;> tiiie non-linear and the saturation regimes of the 
contrast curve. 
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feature has Fresnel fringes having high intensities at the edge, whil& that wjtto a small one Has a widely 
spread image. Because photoresists in general have a non-litiear response (see Fig. 11,5), we xnay have 
un-wanted results. Even though ^e SNR240 resist has a very low 7-value (^=^1.2), Fresnel fti^gcs 
may exceed the linear regime of the y-curve. Accordingly, they will be nooliaearly reooided. In *is case, 
the informatioti oort«sponding to the Fresnel fringes is missing, resulting in side-lobes along ihc lajgp 
features^ 

To have a controlled intensity change over the hologram material, we use a knife-edge naask in the 
object beam path. The beam intensity behind this mask will oscillate in the clear area and tnonotonically 
decrease in the shadow area. The gap between the mask and the hologram surface is set to 1 25jim, wie 
reduce the object beam intensity with respect to the lefecence beami, the intensity of tibe Fresnel fiinge 
can fall in the linear region of ttie y-curve. In ftis casc> the ftinge ccHXCrast can also be modified. Figure 
m. 15. shows calculated and AFM-scanned Fresnel fringes for tiae intensity ratio "between the object and 
the refei€nce beams of 1:1 end 1:4. The fundamental gratings are famed wMun the enwlqpe between 
tfie maximum (/aiO and the minimum intensities (iai») of*© calculated curves. Compared to the beam 
intensity ratio of 1:1, /»« of the beam intensity rado of 1:4 is decreased, white /^ifa b increased. This 
j«sults in e small envelope. The fondamertal gratings for the 1 :4 ratio fill the envelope mote iaithfiilly 
than those for the 1;1 do. The poor fidelity at peaks of 1:1 ratio is as a resuft of the nonlinear 
recoiding. The peak intensity of is. noticeably decreased wjth 1:4 ratio. Therefore, the peaks must 
M within the linear zone. 
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Fig. in. 15. Fresnel jftinges formed with a knife edge xnask 125jim above the resist surfecc: a) calcidated 
fringe' (an envelope) and AFM-scanned profile (a high frequency grating) for the beam itxteosily ratio 
(object : reference) 1 : 1 . b) same as a) but for the 1 :4 beam intcosity ratio. 

To recoitL fiinges 6oxn large and small features simultaneously for the Y-value of h2p tte beam intensliy 
ratiio of 1 :4 between the olgec^ and the r^erence beams is acc^ 



III.1.3* Summary 

The intensit}' distribution within Ac hologram material is governed by the polarisation combination 
between tfie object and the reference beams. The polarisation combination is chosen to maximise the 
contrast of the transmission hologram. It is important to consider the feartuie orientation on a mask to 
choosing a polarisation combination. For this requirement, the polarisatioa angles of -45^ and 29^ for 
the object and the reference are chosen and shown to be optimal. 

The fiinge contrast in combination with the recor(Mng linearity is affected by *e beam intensi^ ratio 
between the object and the reference beams. Experimental and theoretical results show that the beam 
intensity ratio of 1:4 is ttic best choice for the process used 



III.2. DifTractioB eflidency 
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first order diffraction beam contributes to image fonoation during reconstmctlon, the efiRciency of to 
order is* of interest Figure lri.l6. gives a schemalic representation of the possible difflaction orders 
associated w-ith the grating. If the grating is made with the 0* order object beam and the reference beam, 
a ftindamental grating period of 242.8nm (231nni within the resist) will be formed on the resist surfece. 
Since this grating period has a deep modulation, the diBQraction ef&ciency is studied with this order only. 
For this grating period, if there are any reflected diffiraction ordera which hold a high effidentJy, these 
orders shouldn't rejaect back to the grating again. Fortunately, the fust two orders (0* and 1*^ are 
reflected towards either one or two absorbers attached to the prism, and the 2od order beam heads 
towards the incident beam. Therefore, only the transmitting I" order leaves flie graflnig towards ihe 
wafer surfecc. 

The transmitted l** coder diffiraction efficiency depends on the grating fomi and depth This is dxesAy 
covered in a number of references[6-9]. We use a coupled wave theory to calculate fixe <Uf&ac«on 
efficicncy[9,101. la our case, the beam is incident at 45^ from a fused silica SMbstirate 0i=1.5 at 
k^Slmn) which sits on- the priwn with a matching fluid in between. The polarisatioa used for the 
calculation and the measurement is S-polarisaticm (perpendicular to the plane of Incidence). No 
photomask is used. 

The depradence of the difltection efficiency is shown in Fig. ffl.l7. fiar various dififtaction onjm. The 
grating shape for |he calculation is considered to be similar to Fig. HLIO. The grating shape is di^tfeed 
and is divided into 50 horizontal slabs for the diffiaction efficiency computatioo. A number of 
specim«!OS w prepared with cfiflte^nt e5q)05ure doses and deyelopmeitt times to give diSerent. 
' modulation deptihs. The specimens that have a 1:1 duty ratio are chosen for the difi&acdon efficiency 
measurement. 

The transmitting 1"* 6rd« wave intensity is tow fbr low depth, ^le the reflecting 0^ order (TIR) is veiy 
bdgb. As the gratixng depth increases, the efficiency ino-eases until tihe depA reaches --^Onxn and then 
decreases with an oscillating behaviour- For a d^th of -ISOnm, the transmitting 1** order efficiency 
becomes almost ziero, while the reflecting 2"^ order reaches a maximum value as high as 74%, The 
maximum obtainable efficiency for the transmitting l** order is --36%. This is confirmed eKperimentally 
for ten diJBte^nt deptiis as plotted with open squares in the figure. The experimental rcsiiJt is in excellent 
agreement with fee simulation result 
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Fig. 111-16. Tmisimtting and reflectiG^ wave vectors- Tbt first t^-o rejQected diffraction orders are 
absorbed by the abscobers, while t})e T^oxd^ beam is reflected towards tlie incidence beacD. 



4$ 



' ur\A * I I 




Sur^oe modlulaUon depm (rvn)- 



Fig, m.n. PiflSraction efficiency as a fianction of ifac surj&ice. modulation depth for various difSraction 
orders* The maximujn traismitting 1" order diffraction eflDicJency readies -36% at tite depth of -SOnm. 



If all the parameters clibscn in the previous section were used, tfie modulation depth wouldn't exceed 
7Qnm. The depth Jtniiht he between 30nm and 50mn dependijtug on the development conditions to 
suppress the scattering* The scattering problem is studied in the next chapter. In tWs case, the efBdency 
will be only in tilie range of S%-10%, 
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90 N3H0N3I1W VdSMXiO! 



Because d transparent resist delivers more scattered light than an absorbing one, as long as the 
ESJoleeOlaPs^ucftffi^oIve^^ 
scattering intensity with an absorbiuB resist is low, it w^eakens the firinge visibility* However, the 
scattering level with a thin resist docsnt seem to be veiy low for its thickness- Figuic rV.6. indicates 
the reason- The mtensity wjtiiin the resist has a standing wave pattern that corresponds to a JLippmann 
hologram for the TIR holography. The standing wave ratio is higher with a thin resist than witti a 
thick one because of transparency. Therefore, the scattering generated in the high intensify regions 
increase. For very thin resists, the high intensity regions dominate. 

X^^^x^m^iy., thickiesists ace not desirable because of high scattering^as'^^yirarp^W fi^j^lp*viat>^n5^ 
But thin resist should also be avoided, because of defects within the resist and poor etch resistance. 




100 ISO 



aoo 



Fig. Standing wave curves for SNS240 resist with five different resist thicknesses* 



IVAJZ3. Solvent content eflVrct 



The base-resin molecule and the photo-acid generator <PAG) act as scattering sources, but resist 
solvents may also cause scattering. Normally solvents are evaporated during spinning of the chuck. 




n ^ ft « 
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90 ^BHD^anw yfdB-NOii^^ 



The amount of retaining solvent albr spinning is a function of spin-speeds But the spin-speed again 
affects die resist thickness. Therefore^ the spin-speed should be constant to reduce the number of 



weight[lS]. The amount of solvent is reduced to less than -5% in the prebaldng cycle. Higher prehaira 
temperature would neduce the solvent content to ^^1%* But in fins case, the diaractoristics of the resist 
conq>!etely changes whctehy the photdsensitivily is reduced, Kesidues also can be formed. For ttiese 
reasons, the prebeke tenoperature should be chosen within the tetnperature range that does not 
significantly affect fte resist cbaxaetenstics. 



tV,1.3.3.1« Frebake effect 

A number of fused silica substrates are co3ted wifii SNR3A0 resist at di£G^ent spin-speeds. Sinoe the 
thickness of resist also changes with prtbalce temperatures, the thickness should be constant for all 
^ese temperatures to maintain the standing wave distributlcm. After coatings the resist coated 
substrates undergo a prebake for 60s with diff^cnt temperature settings. Six different temperatures 
are chosen within the recommended temperature range, 100''C-I3S''C[16}. hi addition to this 
temperature range, we also use tenqierature settings such as 23^C ap4 9Q^C for fbe low end and 
140«G and 150^C &r the high end. 
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Fig, IV.7. Scattered power as a function of scattering angle for four different prebake temperatures. 
The highest scattering is found at the room temperature, while the lowest one is observed at 130*C. 
The prebake tin)e;605 for each temperature. 



Figure IV.7. shows the soatt^ng distribution as a function of scattering angle (0^ wthin the resist 
Prcbaking at room temperature (23^0) causes a lot of scattering compared to the other temperatures. 
""Because the ptcbakt ienige!5tQi%^Ifle^^ 

temperatuxe does not fully evaporate the residual solvent. Once the resist film is baked at 
temperatures higher than room temperature^ we observe that the scattering level decreases r^idly. 
W prebakc tcmpaature of 130^ results in the lowest scatt^g level. We observe that the 
scattering level Increases again at 140*^0 (not shown in Fig. IV.7-)» At this hi^lTtrape^^ 
"SiiriS^^ wth.jja!Qh aSct [17] i^sultinR in a large molecular weight and 

tiiw-cfore increase scatt^ng. A lower scattering level is observed with even higiher teraperatures like 
>150'*C. At tJhese teroperatuies of lAO'^C-lSO^C, the reaction between ihe base resin and the PAO 
ifiSrS^^*^^ scattered ligtit is then strongly 

absozbcd by the jieairt film. 

If the residual solvent content affects the scattering level, how can we further remove it? It may be 
possible to reduce the solvent content by slowly heating vji the resist fiteu The heat-tip acceleration is 
adjusted by employing diflfcrCTt electric powers to the hot plate together witih an. additional 
ftluminiu^x plate to slow the heating. The temperature is measured with a fhcrmocoi?)le attached to a 
wajEcr Aatos placed on the hot plate. 
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Fig. IV.8. Ten^erature rise as a funotion of a) time and b) coiresponding scattering levels. 
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Figure IV.8«a) shows the temperature rise as a function of time for three different heat cycled^ Curve 1 
corresponds to the normal condition for all our experimtntis made until now. The temperature is set to 

bigrm]gievertayt>^5n^poflwnW'^^ tor fa^r~ 

heating cycles is higher tfian that of slower ones as shown in Fig. IV.S.b). SlmriRESfiag'pe^Sns^^ 
T^^ial .Splvjnt fo'IiavrTh*B IfKtsr skin -vciy gen^y- and -steadily. But the difference bet«t^een the 
dependoice 2 and 3 is small Therefore!, the dependence 2 is preferred for £iisfer process time. 

IV,1J|J.2. DDutlon efftet 



The role of the resist thickness is very important to control the fiinge contrast, defect densityi etch 
re^ijStanee, scattering, etc. The resist thickness (250nm) for our experiment is chosen to satisfy these 
requirements. Ilesists normally consist of 3 or 4 components such as a base resin, a sensitiser, a 
50lventj[l 8], and a. cross-linker fbr a negative resist. The components are soKds except for the solvent* 
Because these solids are dissolved in The solvent, the solid content in a resist depends on tiie dilution 
of the resist. The resist thickness, T^ depends on three different parameters[19). 
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Pig. IV.9. SNR2A0 resist thickness as a function of spm-speed foi: various solid contents. 
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where K is th spinner constant, F is the perc ntage of solids in the resist, and fV is the spin-speed 
in ipnv^lOOO. If we use a dedicated spinner and a iixed resist, the resist thickness is solely a function 
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of the spIn-spoed< Accorfing to eq. (IV,2), the resist thickness is affected by the solvent content 
change more strongly than by the other two parameters. 
-FigBie^iv49F^shov^-thc^€^ist^hiclc^ 
concentrations for the SNR240 resist With a concentration of 10wt%, it is impossible to obtoin a 
resist thickness of 250nm by varying the spin-speed between 2000-600arpni. If the resist is diluted 
from IOwt% to ?-5wt% in solid content, a thickness of 2S0nm is obtained at 4000rpm. Therefore^ 
dilution permits us to control thm resist diicknesses at reasonable sptn-speeds. 
Because there is no oonwnon thickness for these three dilution witii a spin-speed between 2000rpin 
and 6000rpin, we consider a lovm^ spin-speed for a lower resist concentration. It is possible to obtain 
rcijwa^^ &t S^WrpmTof ^ 1500r^;rdf tBe^'.Si^^ Mi^, 

aO^fffor iOie S^%.yiic thxcjkncss uniformity with 300rpm and I500rpm shows 5% and 2£% 
respQC^^cly across the 2 inch diameter substrate, while that with SOOOrpm U But the thicknew 
variation at the center of the substrate is Jess than 1% for all (hese spin-speeds. 
The scattering level is compared among three different solid contents in Fig. IV.IO, The piebake 
temperature is set to ISO'^C for 5 minutes.. A-smaJl-solid content 8*^"*^^^ a'higE"5c^ffii|lSva 
even for the optimum prebakc condition. TWs meatS'that it is not possible to completely Bfinunate Ifae 
solvent withijj the resist fihn at low resist concentration. The absolute solvent eonten^ flaerefete; 
should be kept as small as possible. 
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Fig. IV- 10. Scattering comparison of three-diffcrent'Solid-^ontents*-^e.^pir\^specd_u,ad to 
achiev a common thickness of 400nm. Loi^'concenfrfltion resist gi^^ t^se to increasing SSAttetihB- 
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By changing nly (he spin-speed, however, the resist thickness camot he reduced by a &ctor of two 
from its original bottle having a high solid content. In this case, we adjust anoth^ parameter, /T, in eq. 

as the atmospheric pressure, die humidiV^ ambient temperature^ etc. In jTOTtaby atoi yiv hich is not? 
egjjggeffl brcontrbBm ^ ttie ear^onmentVe 'ofeervea signrjficant OiicEhesS {fifctiia'tidtt d'qp'endi&g cm , 
iveather' MlAdltiiSltt. I^ierefore, we made a dimple apparatus with which we are free from 
environmental oonditians. 

Figure IV. 11, shows the chuck types that we use for our experiments. One is I3ie conventional chuck 
and the other is a closed chuck, t^^clogsi i^ck ia^esigned to fceep most of the evaporated solvent 
within, tfie volume and to let small amount of solvent out through small holes (dia. 0.5mm) around ^e 
. chtfck walL With the conventional chucks Qie solvent of the resist applied on ttie substrate ev^Kirates 
easily during spinntng because the resist is exposed to ^ air. But with the closed chuck, flie solvent 
cannot easily escape from &e chuck; Since the lid is closed after resist appUoatim onto the sUbstrate, 
solvent evapQEated firom die resist saturates the volume of the chuck. Under die saturated 
environmm, the iiesist does not quickly dxy during spinning. This slow diying results in diin zesiat 
(bickaess. 
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Fig. IV.l L Spinner chuck Jypes of cross-sectional and bird*s eye views, 
a) Conventional chuck b) Closed ohuek 
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The solvent evaporation is noticeab[o with the closed chuck only when the transparent lid is opened 
after spinning- The color of the resist film changes as soon as the lid i3 opened. This means that the 
=fSigt-tHiclmcsi«hanges^4ttiF 



during spinning with the conventional chuck. This means that the resist surface with the conventional, 
chuck is hardened duripg ginning. This ^iqrglE5 ?Tormed w ia liiSQ^^ 
the'BSlS'rm'rvapoxation fitjm^ihe resist film. But fte resist surface with the closed chuok is soft 
because it is dried wift an ambient solution atmosphe:ie. 

The solvent evaporation rate may be changed depending on the volume of the chucfc A QTlindrical lid 
is used to adjust the volume of fte chuck. Since the spinner constant (K) is closely related to the 
ambient, ^cFjEg^TOlm i • 

The resist thickness as a function of spin-speed for difiBerent spinner constants is given in Fig. TV .12. 
Tht spinner constants are obtained by fitting the measured thickness. Tliis figure shows Aat the resist 

possible to obtain 250nin resist dwckness with the conventional chuck of Ji:«93. To obtam a thictexcas 
of 250nm, SSOOrpm. 2400rpm, and lOOOrpm ate ^-values of 60, 41, and 24, respectively. For the 
most uniform coating, 2400ipm wiih iC=41 is chosoi. 
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Fig* IV, 12. Resist thickness as a function of spin-speed for different chuck volume corresponding to 
different spinner constants (K). The change of tfie chuck volume leads to different Sickness curvea, ' 
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The scattering level for the two different chudc types is shown in Fifi. IV.13. Figure rv*13-b) is the 



by varying the spiii-^eed fbr both of the chucks. There is a big difference between the conventional 
and tibe closed chucks. The scattering levels strongly depend on the ^inn^ constant JT. The scattering 
with ttie closed chuck of Kf^I is very much decreased by a &ctor of -^3. The i^ason ibr diis may be 
that the absolute solvent content in the resist liquid is small and that die solvent in tfie film must 
con^iletcly be evapc^ted <bffing imbakixig Bt ISO^'C thi^ 

We have aiso verified fbe proporCionaUty of fte ^scattering level to the itT-values. 'MEoie-^tteriBg ~ 
•t!??^t5_fto^^ cmcitn&a^^ ha^ K-values are associated wjth Ipddk 

solvent evsporation, the resist surftce dries quicldy. This dried skin rosy partially block fbe under- 
sHn-solvent evaporation during both the spinning and the prebake. Hicrefeje^ fine saturated ambient 
during coathig prbcGss is desirable to leave a "soft skta" througrh which tfie under-skinhBolv^ 
penetrates wily during the prebake $tq». 





a) 



Fig. rVJ3. Comparison of scattering level between two different chuck types for different r sist 
thicknesses. The spinner constants for the closed and the conventional chucks are i&^l and Kf=93, 
respectively. • '* 

a) Scsttering intensity^ vs. scattering angle, b) Relative scattering vs. resist thickness. 
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IV Jt. Scattering after processing 



^ntantow^wc4i Bv c e xplored ih e s c a tt e ring ^ncrat ed Sobb a virgOi re s i st th a t a ngct s the frin g e qu a lity 



during recording and adds to the scattering generated after developmeat Siree the ««eonrttuction 
qualt^ is afiftcted by the total scattering, the scattering from the processed resists is alsp important 
Because the BoF|5ce roii^Sesi oari be ccn^idcreSto lave nmdom genoJmfshidom orientation. Ae 
incident beam is dilftacted randomly. Therefore, the surfecc diould be fimoo& to avoid such 
scattering. Btft it is difficult to achieve a .^5jK' iwfiCBea^er processing, because die developer 
reveals defects suoh as voids, various molecular sfeses, etc. hidden under the resist sWn. 
During development the resist surf&ce is attacked by d\fi developet liquid. The surftce quality aftn- 
quenching wim water does not tend to be miCToscppically homogeneous because Ae. resist soluWlity 
in the developer is not constant through the tesist depth. But such roughness may be improved widx a 
"mild" process. This mild process can be acoomplisbed by optimising the ef&cts due to development 
time, develc^ concentration, and develops tonqperature. 



Developnient time and developer concentration 

It is necBssaiy to know the cause of die rou^ surface frar scattering suppression after processing. 
.There are two possible causes: one is dielmcaicJLa^fSl)?^^^ ^^^^ ^ another 

one is the feccffiffl.9f3S'iL^il?.2esi5lJ?)^.^ duttogJ&UaJating and the prcbaWng stqps. The 
molecules of ^ resist consisting of abase resin, a PAG, and a cross-linkcr. are randomly disttributed. 
Each component has a diflferent spectrum of molecular weights (MW=5,000- 15,000). The devctoper 
dissolves uncross-linked or loosely-linked molecule^. The molecules with dlfBsrent molecular weights 
arc revealed through rough surfeces. Because the solvent is evaporated from spaces between flie 
inoleculcs, voids may be left behind. Most of these voids can be refiHcd wifc fte resist molecules 
during tfie. annealing period of the prcbaldng cycle. But voids remain' that act a$ scattering centers- 
during the recording period. The developer liquid easily penetrates across these voids (l»t give rise to 
a rough surface. 

Figure IV. 14. illustrates the roughness evolution with devielqpment tinw for a Tiarsb" and a "mild" 
processes. A harsh and a mild processes are qualitatively defined as Ok processes tfast the developer 
attacks the resist harshly and mildly, respectively. The developer attacks the resist both vertically and 
horizontally. As the development time increases, the unexposed area is more quicker dissolved dian 
tiie exposed area. But- even the exposed area is also eroded by long development time. The 
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seriousness of such erosions is different b^t^wn the harsh and the mild proceBSCS. If a harsh process 
is used, rough surfaces may result because otily strongly cross-linked molecules remain with missing 

iTO&leeae^t%tetly^CT=QS^^^^^ 

Uflmg up underlying molecules. If a mild process is employed^ ey«i ligjxfly cross-lirdccd molecules 
ere not wBshed away atul the development across voids would not be effective. Therefore, a smootf) 
sui&ce will result 




Fig- IV. 14. Illustration of roughness evolution wlA development time for harsh and mild processes* A 
smooth surfece may result with a mild process, while a rough surfece is unavoidable with a harsh 
process. * * 

The hsr$h and the mild processes are determined by the roughness. They depend on the development 
time, the developer concentration, and the tcn^raturc of tfic developer liquid. The harsh ^ocess rjnay 
be the combination of a long development time> a strong developer concenfrationy aod a h^ 
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temperature of the developer Hquid. The two factors that predorninantly determine the development 
speed are the development concentration and the temperature of the developer. The development ttme 



If a resist eoated substrate is immersed in a developer liquid for a long timc^ the Hquid that fir^t 
reaches ftc substrate after penetrating through the short cut (e^g. voids^ pinholes, etc.) will also 
penetrate laterally aJong tibie substrate- This lateral penetration lifts up the adjacent area or leaves a 
swollen ai^a behind that again will gen^ato stroTig scattering. If only a short period of time is 
assigned for development, the liquid caiinot reach the substrate to peel off the neighbouring area. 
Figure IV4J5. represents AFM images showing the rou^css evolution ^Oh development time, Th< 
resist thiclmcss Is 250mn at ijie prebake temperature of ISO^^C Hue resist is exposed at 30mJ/cm\ 
Tht high exposure density avoids e complete "washout'' after 255 development time with the 
developK- dilution to water of 4:1. Even the virgin resist shows a lot of voids about 2-lOnm in 
diameter. These defects seem to atist within the bulk as well, as the sxirfece. They are presumably 
generated by micro-bubbles in the resist These bubbles may contain wat6r> air» and/or solvent gases 
that are evaporated at different rate during spinning. This virgin resist reveals «ilargcd holes and a 
rough surfecc after 10s of development time. Further development uncovere the surface roughness 
and enlarges the holes >1J over the layer. The rough surface after develoiwnent is definitely a cause of 
the scattering. 

The results of more elaborated experiments are givqn in Fig. IV. 16. The closed ohuck of Fig. IV.ll.b) 
is used for this experiment. The ^cposure dose as well as the development tixn© and the developer 
concentration ace varied. The exposure time (ETl to BTtf) is determined by the condition ttat fte 
remainmg resist after each development is 10, 20, 40, 60, 80. and 100% of the nominal tfiickness of 
2S0nm. In this &$hion, any difference caused by a residual thickness variation can be avoided* The 
development time is varied ftom 10s to 25s with 55 increment The dflution ratio of the MF322. 
developer with water is 1:1 and 2:1 by volume. Each specimen is scanned by AFM. The scan area is 
2.S|xmx2.5f&m. 

The 2:1 dilution ratio generally shows worse roughness than the. 1:1 ratio. The strong develops 
concentration must attack the insist surface torsbly. We find the longer development time &e ^orse 
the roughness* Sv^elling through loosely bound molecules and voids must generate rough surftces as 
illustrated in Fig. IV,15« 
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rv. Scattering 



hologram material using a silver halid^ is well knownfi-S]. People who have used such a material 
claim that die scattering problem will disappear when using a photopolymer or a photoresi5ti4]. This 
may be true if they are used at long wavelengths (X>364Tun)- Because the flux density of the 
scattering light is inversely proportional to the fourth power of the wavelength£5-8»lOJ, the degree of 
scattering becomes very high as d)e wavelength decreases. 

Scattering superimposes all the reconstructed images* For shallow surface modulation, the scattering 
is not negligible compared to the dlSEractioxx efficiency. In chapter HI, we studied die enhancement of 
the surface modulation by changing botfi optiOdl and resist Actors. All &b pdtameters such as 
abfioiption, refractive ituiex, resist thicknesst pctarisatioAi and beam intensity ratio are tuned to 
eventually increase the surfaoe modulation for maslocd TIR holograph)'. However^ aJQ these 
parametm are not optimised fiom die scfttterin^ point of view. We have &und a high scatterrag leval 
even these parameters^ 

To «nhanee the aignal to noise (S/N) ratio, we must either improye die signal level or reduce fhe noise 
level» or both, ti this chapter we e^^loTc the ratio improvemrat by reducft^g tiie noise level 
tfarou^ extensive experiments* 



IV.Ip iScattering during recording 

We cbseive a lot of noise in the reconstructed images. From bofh the material and the process point of 
view, we examine all: potential factors- Hiat cause noise. Suiprisingly, we observe a noticeable 
scattering level during recording as well as during reconstiuctioa This implies that the flat resist layer 
of SNR240 is inhomogeneous. But ^ scattering level dur^ recording is not as high as that during 
reconstruction after processing. Since the signal level with shallow modulation is oompsnkble to the 
scattering tevel» it is better to suppress this noise contribution as much as possible. 
If there are scattering centres within the resist layer^ they may remain even after processing. 
Therefore* the seattering signal that destroys die reconstructed itxiages^ is the result of the scattering 
centres created before and after processing. If there is seattermg during recording, scattering gratings 
might re5Ult[4,9]. Therefore, we need to examine fhc origins of the scattering associated ^"ith a virgin 
layer of resist We examine other resists as well as SNR240 to compare the scattering characteristics. 
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Because SNR240 is & negative resist, the exposed area remains after development. A low c^cposure 



and causes fewer loosely bound molecules. The rms rougbnesfi values in nm obtained from AFM 
scans are \mttea on top each scanned image. 

If only Snm toughness corresponding to IQ% of the modulation dep^ (SOnm) is considered to be 
acoeptablei the dilutiDn ratio of 2:1 diould be discarded. Since the modulation depth of fhe grating ia 
-SOnm oottespoiiding to 20% of fhe nominal diickncss. the roughness of the grating corresponds to 
Ac exposure doaes of ET5 and ET6. in Fig, IV, 16. For these two exposure doses plus the acceptable 
roxighness of Snm, the development times of 10 and 20s are acceptable for the 1:1 dilution ratio. 



IV^2. Developer temperature 

To siq>press the surface roughness, a slow and gentle development ia considered, fa general, fto 
developer tciq>er»ture ia not very much difTerent fixnn the ambient temperature such as 23''Ci 
However, only a Jfewreseanshers have wodced on the effet?t of the low develops tempexatuiepOJ. 
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Fig. IV. 1 7. Relative scattering level and y- value as a function of development temperature. The 
scattering level Jumps at -IZ^C and the revalue also increases rapidly ftom there. 
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But they only investigated TOt^^tJcl^^ a-fUnptioir-t^f the {feTglQJ^ 

telfig^^^^^The surface roughness was not their concern. It is known that the developer speed as 

aH ^ s ^fce^ onttas^hanges^oQsiderabl ^w^ 
temperatufc is usually room temperature* 

We vary the developer temperature from O^C to 24^C to observe the effect on tfie roughness and fhe 
contrast Hgure JVAl^ shows the results. The relative scattering level remains low at temperatures 
below 12^C. It rapidly increases for temperatures >12''C. Hie binding energy between the molecules 
below 12^C may detain Hxc molecule from being washed away by the thermally less activated 
developer. As soon as the temperature reaches 12^C, €be binding energy gires way to activated 
developer resulting m a rapid development rate. ITiis high development rate causes a rough surface as 
otiher &ctDr evdi as a strong deiveIo|>^ concentratiof] does. 

We also observe a continuous increase in the y-value witik increasing developer tempetature. fir is 
encooraging that-wO!S^3^3BS!ii£^^^ devetopertemp^Mlla^ 
Since a linear material reflects a linear response of image recording* a revalue close to 1 is desored. ZF 
the tempmture is too laW| bowever, the development speed becomes also vesty low. In this casCi the 
development time must be increased to compensate for it However, 1^'^§^?^S^^,^^. 
rise^o^ihe lift-o€f pltoblcm: A compromise is fbund at a temperature of 9^C. Tbe scattermg level 
remains low at P'^C and ihe y-value only increases to IJZ. 

With the developer t^peratore of 9^C^ the same e?q>erimeat as that shown in Fig. IV.1«, was 
peiforzned. The result is given in Fig. IV.18. Hie roughness at low temperatures lodes much bettex 
than that at room tcgnperatures. The diludon ratio of 2:1 at low temperatures also shows reduced 
roughness^ if compared witih the 1:1 at room tempetature. The worst nmgbness value from 2:1 
dihition ratio is 10.2mn and that from 1:1 is 7.3mn. These two values are found ibr ETl and DT=^S\ 
This is a significani improvement compared to the result shown in Fig, IV. 16. 
At the developer temperature of 9^0^ the infltimce of the deyelppmenr time rangmg £rom 5s-a0s and 
developer dilution ratios from 1:1 to pure arc shown in Fig, IV,19. The ; 
SKoFraevEl'^SSSS^^ developer. With this procesSj even the relative 

scattering level of 0.4-0.4S in the leg^d box of Fig. IV.19. is improved over that obtained with 1:1 
dilution at the room temperature. Further e^cperiments are also carried out for higher dilutions like 
1:2. But development times longer than 60& axe needed to develop die unocpos^ area, ^^th such 
long development times, swelling and lift-off problems are observed. 
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Fig- IV.19. Soattering distribution as a fimciign of develo^eat time and den^loper dilution »tig at 
the developer tempQiatura of 9^. 





Fig. rV^. Suicface roughness comparison between a) the harsh and b) the mild processcSf 

AFM scanned images for the gratings made by the TIR holography are shown in Fig.IV.20. for ftc 
case of the harsb and the mild processes. D\o process conditions for tfie harsh and the mild inocesses 
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arc pure developer at 23 "C and \\\ dilution at S^'C, respectively. The miW process show? much 
smoother* surface qualify than that of the harsh process. 



IV.3, Summary 

Many contributine factors to flie scattering intensity are investigated such as the prebake temperature, 
tke prebalce acceleration time, flie resist drickxxess. fhe dilution ntio^ d^e diuck type, the developer 
concentration^ the <)evelopincnt time, and the developer temperature. 

It is useful to qtiantiQr the infiueooe of each factor towards the total soatteriog intensity. Only relative, 
vaitae^ of fte scattering intensities are presented fw prevjoun figures O^ig. IV«4-4^ JO, 1%^ 19). Our raw 
data ate used for the caloulaticu of the scattering contribution of each frctor. Multiple times (-5 
times) of experixneats were carried out for each Bgure to verify the reproducibility. Average values 
ace used far Ifae calculation. 
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Fig. IV.21 , The influence of each &ctor on scattcrtng suppression. 
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Figure IV.21. simunaris^s the contribution of each factor. Tlie four most importgnt fectors are the 

factors occupy r^70% of the contribution to reduce the total scattering. Since the effect of the chuck 
type and that of the tesi^t dilution are closely coupled, flie effect of the resist dilution can be nested 
within thp effect of the chuck type. In &at ca«e, the volume efifect (prebakc temperature and 
accelCTation^ thickness, and cluick type) cotrespondB to 40%> while &e surface effect con^$ponds to 
60%. None of the factory in Fig. IVJ21. is negligible- Therefore, to improve the scattering 
significantly, all these fectors should be optimised to suppress the scattering. Wilh proper 
optimisation, scattering intensity can be reduced by a fector of --10. 
Ihe optimised process conditions are summarised in Table. IV J. 



Rems 


Conditiooff 


lUsisttUclQiess 


25Qnm 


?rebake tempmiture 


130**C 


Prebake acceleration 


130X per 5 minutes 


Resist dilution ratio 


undiluted 


Type of chuck 


closed chuck 


Developer dilution 


1:1 (MP322:water) 


Development time 


15s 


Developer temperature 





Table. IV.l. 6ptinu«ed process conditions of SI<R240 for teattexin^ suppresslcn. 
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silica substrate 



The relief image in resist has a lot of problems in actual appJicatl6D{I], Problems of the resist-relief 
image as a hologram are: 0 the characteristics (transrodttance^ groove depth and profile) of the resist 
jDoatcrial changes over time and illumination dose, ii) the resist is mechaaically ^veak (i.e^ against 
scratches)- iii) the resist hologram is difiBcult to clean. To avoid swh problems, it is suggested that the 
relief image be transferred into its substrate. The advantages of the etched relief hologram are the 
opposite of those probleixis thai tiie resist hologram has, hi addition, it is po$sible to improve the 
difSractioja efSdency b>; increasing the surface modulation d^th. The noise level txwiy also be decieased 
by smoothening the surfece roughness. 

Since.the grating period is veiy short (242.8nm), it is difficult to obtain a good modulation depth witii 
any wet etching technique tiiat tends to have an isotropic etch behaviouf. A dty etching technique is 
more appropriate* because anisotropic or isotropic etching characteristics can be acbieved[2). 
The dzy etdiing condition should satis^ the requijreDtent tbat &e etch seiectiviQr between the fbsed silica 
substrate and tiie resist be >12. The surface must also be five from polymers after the etching. Since 
the refiactive index r&tio between the resist (n^'l.S) and the flised silica substrate (np«t.5} IJi, the etdi 
selectivity between these two mateiials must exceed their index xb4o to have a diSGractim efiSdensy 
equal to or hi^ier than that before etchiz^ If an increased efficiency is desired, a multi-layer process is 
w^rth trying. In this chapter, explore tfie etching process to improve &eS/N rati 



VI.1. Instability of resist hologram 

GeDeralty, the resist is composed of a base polymer;, a photo-'active compound, and a 5olvent[3,4]. In 
addition to tibra), SNB240 resist has a aro$$«lihker tfiat allows the exposed part of the resist to be cross- 
linked after post-exposure baldzi^g ^EB)[5]. But sud) a chemical reaction might be subjected to the hi^ 
photon or th^al energy by DUV or >150X, With such a high ©leigy, all the components cotrypletety 
cross-link vvifh each other, hence the abs^^rption iiKieases. With such a strong absorption, the 
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inadJatioB which later gives rise to changed efficiency. 

The SNR240 resist with a 25Qnni thickness is coated on a fijsed silica substrate. Ax) absortcr plate 
(BK7) is attached to the hack of the fuscsd silica substrate with a matching liquid in-betweexi. TWs 
sample is recorded with an inter-beam angle of 60** using the tremsmission holograpMc set->q> as shown 
in Fig. na. The grating period is 257nm which is the same as the waveleiogth of the laser. The grating 
prdfiie is symmetdc about to noornaal to the substrate. The diffiactibn effiden^ is measured at the first 
Bragg angle pb^(- T^^ di£6acti^ i* tjammitted ordefs are measuxed at 

Figure VlJ.^hows the mute. The initial difl&action eife^^ fbr the 0^ and fte brdeis m 36.S^ 

effid^i^; fd^ duiit^' OTO ^'l^^ 

effidenci^ for J^^^ -^5%. If ttere is nb abspiptioiy sum X)f aH 

qrtora constant. If diflBraction effi fer tiie 0* order decreases; that for the 1* 

C4d«r should increase. But in tibis figuiie,^^ the two decrease shnultaijeously. This is iitfeipreted that the 
absoiirtiocn is tibie major cause of flbe efiBciency drop. The grating profile mtxst also be changed sU^rtly 
judprig from ttiB^ d^ fcr flbe reflected ordew. Accordhigly, the DUV 

hxadiatim modifies 



tf an effidenc^^ 10% Is allowed fox the I'* order to guarantee a reprbdudble process, 

only 15. minutes of exposure time can be tolerated with a light intensity of O.IW/cti^ This corresponds 
to ah exposure dose of 90Jrf. If a surface relief grating recorded with the TIR holographic set-up is 
considered, tibje diCfracdon efficiency will be -5% using the optimised process. Because of this low 
difi&actian effidency, the exposure time should be iixneased for reconstructioa It is worthwhile to see 
how mmy exposure events can occur with the tolerable exposure dose of ?OJ/cral The number of 
allowable esqposure events, N, is estimated by 
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where Etoi and Ep are the tolerable exposure dose and the ey.posure dose necgssaiy for printing, 



-resp fcc li vejy^ and 7] is the dif 6' a c tioa e fl5ciency ol t he g ialL 
pribating is assumed to be 5Q^lJ/cm^ the number of allowable ^cposure events will be <90. Because toe 
niroaber of the int^yated circuit 0C) chips per wafer is *-I50, which is ^ical for memory chips, the 
resist hologram cannot be used even for one wafer. Thesefbre, the resist Hologram is not useful fox 
mass-productioa of IC chips. 

la addition to -ftie efficiency drop, we ha^e also observed a reduction of the scattering with the DUV 
drradiatioD. A specimen with plen^ of graininess referred to as "pop-corns'* is exposed to tihe DUV for 
10 J/cm*. The scattering dinmrishes con»derab]y. Figure VI^. shows the AFM-scamied troages Ijefore 
and after DUV Jiradiation. All the pop-coms disappeared afer the DUV cure>yith 10 3/cm\ These pop- 
ccmxs are kxKswn to be a round gaseous residues[5]. The pop^coms explode or the gas within the 
exxvelops leaks awsy duiii^ DUV curing* Such pop-ccams are often fonned wHh old resists. The shelf 
life of the iresist Is six months. A lot of pop-corns are observed with -Oie resist older tsan six months. 
Tb^fore» thepq^-coms are not common as lonfi as the resist is used wdtihinihe shelf life. But ^ DUV 
cure b worth employing to mfcotodsc the surface roughness before etoWr^. 

With the DUV cure at 10J/cm^ the resist prolGle and the modulation dsp&x lemain unchanged. But the 
d{£S3ct{an efficiency is sUj^i^fy decreased presumably due to the increased ahsorptiion. 



VI.2. Enhancement of S/N ratio 

Besides the hologram stability, tbe etched hologram also permits us to eiihance the S/N rado by both 
enhancing the etching depth and reducing tiie number and the size of the scattering c^otres. If fbe 
modulation depth within the resist hologiam is suiGciently deep, it is not very dif^cult 1o obtain deq> 
grooves in fused silica substrate. If we choose a proper ^ch selectivity between the substrate an.d the 
fesisC, we can ^oothen the surface without detmoxating short period gratings. In this way, it is 
possible to enhance the S/K ratio. 
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condition has to D€ estabusn^d to acmeve a reasonably high etch selecriviTy, aiou^ to obtata a deep 
etch groove and to smoath the etched sutr&ce. We found die best etching condition ^tb our dxy etching 



Gas mixture ratio 


Ht:CF^O2=3:10 




Chamber pressure 


: 3 mTorr 




RF power 


:5Wfbrthel* 10%etchix«and40 Wfortheiest. 




DC Was 


:380V 




Etching time 


: varied depending on tiie neoessaiy etdl depth 





system, a GIR300 Alcatel: 



Table VIJ. Optimised etching process conditions. 



Ai?art from the pop-corns that can be eliminated by DXA'' cure, there are fine grains on tite hologram 
gratings. These grains $houId be reduced in size before et<^g the jEused silica substrate. The genml 
grain size is smaller than the gradqg j^ures and they are also spaliaJly separated from each other. If 
vfe employ a poorly selective etclni^ condition, it is possible to attack the grain mare efifectively (ban 
thegrating. 

Figure VI.3. indicates how the gmin size is reduced during etching. Since the etch spedes attack the 
xesist as vs^dl as the substrate in a 3-dimensiQnal Muon, the accessability of the species to the grain is 
higher than that of the graticig structure. Therefore^ the grain is eroded fester dian the wanted feature. 
This leaves small and shallow etched grains bdiind as scbenucdcally shown in Fig. VU.<0. Ihe 
scattering flux densiQ^ is directly proportional to the 6* power of the diameter of the scattcdtJg oentret?- 
12], while the difl&action efficiency is increased with dcptibt. Ihercfbre, it is* more effective to reduce the 
size of the grain than to reduce the scattering level 

It is also stressed that the etch rate should careiiztly be comrolled to guarantee smooth sur&oes. If the 
ion energy of the plasma is very high, the energetic ions might generate rough surfeces on tiie resist 
giatingSi which can again be transferred to the substrate. In this case^ the groove depth cannot be 
homogeneous over the gratiz^ area due to random attacks of the resbt and the substrate. In practice, an 
SyN ratio of <I is observed with a DC bias > 400V. This is as a result of decreased etching dqpth and 
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increased surface roughness^ Therefore, slow and gentle etching is required We tuned the etchfag 



process such t hat smoo c h su r face s aie pi ' oduced for an etch r a t e of ^lOxim per minute. 



. Fig, VI.3. Etching model for a) a systematic structure and b) a paificle. The accessability of the etching 
radices for a particle is higher than that for a systematic structure. The relative size reduction of tbe 
particle after etching i$ considerably bi^er than ti^^ 



Experiment and dUiscusaton 



An e7q?erimenl is perfbnned to pipve thai scattering reduction is possible with etdung. A resist 
hologram with some grains is prepared for the etching. This hologram undergoes -fee first etching step 
with a low selectivity etching for smoothening the roughness. For the second step, higher etch selectivity 
is desired tiian in the &3t step. 

Since our best selectivity between tiie fused silica substrate and the resist is 2.85,* it is barely possible to 
obtain a groove dep^ in StOa of -140nm using resist gratings with 50om deptfci For this experiment, 
however, we use an etch selectivity of 1.5 to improve the sur&ce roughness. 



An AFM Is used to show the profiles of the resist and fiised sHlca gratings in Fig. VI.4. A fraction of ' 
&e gratings are used that are recorded with a kniib-edge mask. If a scanning electron microscope (SEls/J) 
is used, coating wiOi gold or carbon is needed to prevent chargixig effects that blur Uxe itnage. With 
coatings, new grains caused by the deposited conducting materials can also be formed fliat disturb the 
original surface detdls (see Fig. ni.4). It is apperem that itie surface of the fiised silica grating is almost 
fiee of grains compared witti the resist grating. 
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hologram is 3.5 and that vnUi the .fiiscd silica siibstratc bcc<»ne$ 8,1, which is improved by a factor of 
2.3. We concluded that flie etching is more effective to reduce the noise than to increase Ae signal. 



Fig. VIA, Roisghnw comparison ^>e^A'ccrl resist 
a) Resist hologram voth grains, b) Fused silica hologram etched using the resist hologram of a). 



Enhancement of difTraction eflicieni^ 

A hi^ dijBaaction efficiency is required for a high productivity, if thie holographic tedmolpgy is to be 
implemented as an exposure tool. Sinoe HR holography uses only one prIam as a prfanaiy optics, fte 
machine can he noiade snoiall in However, if ^e difiEraction efSdeo^ remains low, lbs laser power 
must be increased instead. This requires a huge laser or multiple combined lB$efs to enhance the 
du-oiiglqmt. Thus a small madune v^ith a huge Hj^ source might result.. Jo keep the whole machine 
small and to save pensive cleanroom space, enhancix^ the efiSciency is the best soludoa Since the 
dIJBBraction effldency before etching is only -5%, tte 'flbroughput must be* lower than that of 
conventional steppers. With this low cflBclcocy, advantage of this technology is diluted. 
Siuce '&» sur&ce modulation depth of the resist hologram is shallow for an etdi mask, it is difficuh to 
increase the modulation depflbi enou^ for high efficiency. One w^ to enhance tiie diffiaction efBciency 
is to employ a multii-layw process in spite of its oomple3dty[13-16]. 
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Figure VI.6. illustrates two different methods to transfer the surface-relief hologram into the substrate, 
Oi» is a direct etchtog (Fig, VI.6-a)) and the other is tbe multii-layear process (Fig, VI-6.b))- For a deep 
modulation depfti, the latter is used. 

The first step for this process is to deposit a thin film that is resistant against etch radicals on the resist 
hol<^ram. For. our experiment, we use silicon-mono-oxide (SiO) that can be easily deposited in a 
conventional evaporator. The thickness- of SiO is ~50nm. Then a msist layet b spin-coated on the SiO 

' fiUu. The resist thiclaies$ is sujOSciexttly higji that the top surface of the resist becomes flat We use a . 
SOOnrn thick resist for this. This resist is etched back using o:xygen (Qj) until the top features of the SiO 
is exposed. A further etch-back i$ performed with a 1:1 etch selectivily between the resist and *e SiO 
until &e crest of the SxO layer Is rnnoved. Because of the shallow modulation depths the slow etdh noe 
must be precisely controlled. If the etch-back is finished^ the crest of the bottom resist or the re^ 
hologram is e?q)Osed» while &e SiO lay^ jemains in the trou|^ The SiO layer in the trough pls^s the 
role of an etch mask during &e etching of the bottom layer redsL Once tiae resist is etched, the sOica 
substrate undeigoes the main etdbdng> %^th which &e deep pennanent grating is produced. With this 
process, a reversed tone results. This reversed ton^ is not a problem as long as tiie grating period is 

. maintained Because the tone Is aheady reversed during, recording using a ne^ve photoresist of 
SNE(240» another tone-reversal after etching gives a positive tone. Ooss-sectional SSN$ micrograplxs 
corresponding to Fig. VI.6. are shown in the ^^ix AZ 

The (fifKraction efficiency is calculated for die etched grating. The coupled wave theory is used fbr this 
calculadQn[17]. The etched grating i$ placed on tibe prism with a matching liquid in-between and 
illuminated whh the conjugated referentoe beam. The I"* ordex transmitted beam is measured for five 
different grating depths. Figure yi.7.a) shows Ac result The gmting profile that is used for the 
calculation and measurement is shown in Fig. VI.7,b), 

The dif&actioh efficiency increases with increasing grating depth until the depth reaches* ISQnm- The 
measurement result is in good agreement with the results of the calculation. The highest efQciency of 
37% is found at the depth of ISOnm. A large range of 16Qnm-220nm deptfvs gives ejQSciencies of >35%» 
This means that non-unifonn etching is not a problem. 

With the direct etching technique, it b difficult to obtain a de^ groove because of the shallow 
modulation depth in tfie resist The depth that can be obtained with tiie process conditions shown in 
Table. VI.J . is in the range of 5Qnm-S0nm that corresponds to 10%-17.5%. It is also difficult to obtain 
a good homogenei^ across ifae exposure field, because the diffiaction ejBScieney changes a lot with etch ' 
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dqrth variation. With th e multi-layer process, on ihe other hand, it is easy to obtain deep grooves \xp to 



SOODuu T htdt e toAS, it is g ven easier t o ob t ala a ISQjim d eep grat i ng for Ifac highest d i fflactian - 
effidency. 



With the multi-layer process, scattering is significantly reduced. Hie roii^ess on the grating Is covered 
twice by the SiO layer and thie top resist iaQrer. puixog the etch-badk and the main etdiir^g step, the 
resulting roughness is weakmed. 



VI.4. Summaiy 

Ihe suribce-relief image in resist shows that the diffraction eflGlcimcy degrades over time. Once this 
image is transfened in the SiOz substrate, not only problem but ofters also are improved. Among 
the improved- p©rf<OTaaaces are : i) mechanical robustness, if) reduced scatteritaig , and iu) Wgh 
Effraction efficiency. 

The etched gratinigs can be cleaned in a boiling suUuric acid bath. Hiis is never possible with resist 
gratings due to &5t solubility in this a<jd. The etched gratings are resistant against scratching. No 
diflBraction ej0BcJen<^ degradation is observed during an eacposure dose of --lOOOJ/cm* on our selected 
SiQz substrate. No color center is observed witit Ab energy yet An increased exposure dose is not 
expected to degrade the diffiaction efScienqr. 

With the direct etching tedwique, v^e obtain -15% difi&action efficiency which b fkx higher than *at 
obtained with a resist hologram. A multi-layer process gives --35% dif&action efficiency with a large 
, etdbi depth latitude of 1 60nm-22QDm. 

Scattering levd is reduced by etching regardless of the etching process «npJpyed. 
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■^r=-Me ^od of forming a hologratn from a information containing 
juask, comprising the following steps: 

- arranging a substrate bearing a layer of a holographic 
recording medium on a first face of a coupling element and 
in optical contact therewith; 

- arranging a information containing mask in a spaced 

• relationship and parallel to the substrate; 

- generating an illumination light beam and then splitting 
the light beam into an object beam and a reference beafft; 

- directing the reference beam to a second face of the 
coupling element in a way that the condition for total • 
internal reflection at the interface between the recording 

♦ medium and the ambient medium is fulfilled; 

- directing the object beam through the mask to the 
substrate such that it coincides with the reference beam 
in the holographic recording medium; 

further including tbe steps o£ 

- employing a photoresist as. the holographic recording 
medium; and 

- arranging, the planes of polarisation of the object and 
reference beams incident on the holographic recording 
medium such that their polarisation vectors are 
substantially mutually orthogonal in the holographic 
re.cording medium and such that the polarisation vectors of 
the incident and totally internally reflected reference 
beams are also substantially orthogonal - 

2 -Method according to* claim 1, characterized in that only 
the transmission hologram is recorded in the holographic 
recording layer. 

3. Method, according to claim 1 or 2/ characterized in that • 
the plane of polarisation of the object beam xs at 45^ to 



H-599-7034 



- - . 11,06.99 

the plane of incidence of the reference bea:nn at the 
holographic recording layer. 



4. Method according to any of claims 1 to 3^ characterized in 
that the object beam illuminates the mask at an off --axis 
angle i.e- not normal to the mask* 

5. Method according to any of claims 1 to 4, characterized in 
that the photoresist material is selected such that its 
thickness (d) and absorption (a) meet the condition 

a * d < 1. 

6* Method according to any of claims 1 to 5, characterized in 
that the photoresist is selected such that' its contrast 
described by its gamma --value satisfies the condition y < 3. 

7. Method according to any of claims 1 to 6, characterized in 
the photoresist is selected such that its resolution 
described by the smallest period of grating that can be 
optically recorded in the material is with a modulation 
depth {d«ax - d„dn}/ (daax " - d^n) > 25% satisfies the 
condition. A< 200 nm. 

8. Method according to any of claims 1 to 7^ characterized in 
that laser light of a wavelength below 300nm, and 
preferably of a wavelength between 150 and 260 nm for 
recording the hologram is used. 

9. Method according to any of claims 1 to 8^ characterized iri 
the polarisation angles are selected according to the 
refractive index of the photoresist. 

10. Method according to any of claims 1 to 9, characterized 
in that a combination of polarisation angles of between 37 
to 44"^, preferably 39^ for the reference beam and - -43 to 
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-47^, preferably -45^ for the object beam with respect to- 
rhe plane of incidence are applied. 



11. Method according to any of claims. 1 to 10, characterized 
in that the intensity of the reference beam exceeds "chat 
of the object beam. 

12. Method according to any of claims 1 to 11, characterized 
in that the intensity of the reference beam exceeds that 
of the object beam by, a factbr 2, and preferably is 4 : 1. 

13. Method according to any of claims 1 to 12, characterized 
in that the intensity ratio of the object and reference 
beams is between 3:1 and 5:1, and preferably about 4:1. 

14. Method according to any of clatims I to 13^ characterized 
in. that the thicJcness of the photoresist layer is less 
•Chan 500 nin, preferably between 100 and 300 nm and most 
preferably between 200 and 300 nm. 

15. Method according to any of claims 1 to 14, characterized 
in that the image recorded in the photoresist as surface, 
relief hologram is transferred into the substrate material 
by an etching process. 

16. .Method according to any of claims 1 to 15, characterized 
in that the etching process is a plasma etching process. 

17. Method according to any of claims 1 to 16, characterized 
in that the illumination beam (51) is scanned in a first 
direction across the holographic recording medixam* (79 ) 
and the mask (73), respectively , stepping the 
illumination (51) beam in a second direction perpendicular 
to the first dir ction, and then scanning the beam (51) 
again in the first direction and so on, such that the 
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reference and object beams (75,74) travel simultaneously 



across the first face or the substrate (77) in optical 




18. Method according to any of the preceding clairas 1 to 17 
characterized in that the gap between the holographic 
recording layer and the mask is determined, e.g. 
interferometrically/ and then the distance between the 
hologram and the recording meditm adjusted to a 
predetermined value* 

19. Method according to any of the preceding claims 1 to 18 
characterized in that in the hologram reconstruction 
process the distance between the hologram and the 
siabstrate onto which the holographlcally recorded • image is 
to be reconstructed is adjusted to the value as maintained 
between the holographic recording layer and the mask in 
the hologram formation process. 

20. Use of the method according to any of claims 1 to 19 for 
recording features of less than 1 >im, preferably less than 
0.5 nm, contained. in a mask in a hologram for use in 
ralcrolithography. 

21. Total internal reflection holographic recording 
apparatus for recording a hologram from a mask, comprising 

- an optical coupling element for receiving a substrate on 
a first face; 

- a substrate bearing a holographic recording medium, the 
substrate being in optical contact with said first face of 
the optical coupling element, 

- at least one light source for generating a light beam; 

- optical means for generating a collimated light beam, of 
a selected cross-section; 
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- means/ e.g. a beam-splitter, prism or the like^ for 
generating two coherent light beams, a reference light 
beam and an object "light^Tj^ajnir 

- means for directing the reference light beam at a second 
face of the coupling element such that it illuminates the 
interface between the first face and the ambient medium or 
the interface between a substrate in optical contact with 
said first face and the ambient medium at an angle greater 
than the critical angle; 

- means for directing the object light beam at the first 
face of the coupling element such that It is aligned with 
the reference beam in the plane of the holographic 
recording medium on the substrate in contact with the 
first face; 

clxaracherized in.thah 

- the holographic recording medium is a photoresist; and 

- means are provided for arranging the planes of 
polarisation of the object and reference beams incident on 
the holographic recording medium such that their 
polarisation vectors are substantially mutually orthogonal 

.in the holographic recording medium and such that the 
polarisation vectors of the incident and totally 
' internally reflected reference beams are substantially 
orthogonal . 

22* Apparatus according to claim 21 characterized in that 
the at least one light source is a laser light source 

. emitting light of a wavelength below 300nm, and preferably 
of a wavelength between about 150 and 260 nm; and 
.preferably between about 190 and 254 nm. 



23. .Apparatus according to claim 21 or 22, characterized in 
that the photoresist material is such that its thickness 
(d) and absorption (a) meet th condition a * d < 1. 
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24. Apparatus according to any. of claims 21 to 23/ 
characterized in that the photoresist material is such 

satisfies the condition y < 3. 

25. Apparatus according to any of claims 21 to 24^ 
characterized in that a conibination of polarisation angles 
of between 37 to 44^^ preferably 39'' for the reference beam 
and - 43 to -41^r preferably 45^ for the object beam are 
applied. 

26-' Apparatus according to any of claims 21 to 25, 

characterized in that means are provided for adjusting the 
intensities of the object and reference beams such that 
the intensity of the object beam exceeds that of the 
reference beam. 

27. Apparatus according to any of claims 21 to 26, 
characterized in that the intensity of the object beam 
exceeds that of the reference beam by at least "of a factor 
2 preferably by a factor of about 4. 

28. Apparatus according to any of claims 21 to 27/ 
characterized in that the thickness of the photoresist 
layer is less than 500 nm, preferably between 100 and 300 
nm and most preferably between 200 and 300 nm. 

29* Apparatus according to any of claims 21 to 28, 

characterized in that means are provided for scanning and 
stepping the incident light beam in a raster scan across 
the beam splitting means in a first and in a- second 
direction, respectively, such that the reference and 
object beams travel simultaneously across the first face 

* or the substrate in optical contact with the first face; 
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30. Apparatus according to any of the preceding claims 21 to 
29 further comprising 

mean s~x. or Taea sxir i ng" 
wafer being arranged in a spaced relationship to the 
hologram; and 

means for adjusting the parallelism and/or separation 
between the hologram and the wafer. 
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Abstract 

The present invention relates to a method and an apparatus 
for fonning a' hologram from a mask. According to the 
invention a photoresist is used as the holographic recording 
medium and the planes of polarisation of the object and 
reference beams incident on the holographic recording medium 
are arranged such that their polarisation vectors are 
substantially mutually orthogonal in the holographic 
recording medium and such that the polarisatioR vectors of 
the incident and totally internally reflected reference beams 
are also, substantially orthogonal. Preferably, just the 
transmission is formed in the holographic recording layer. 



(Fig- 3) 
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